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ABSTRACT
We perform an extensive analysis of optical counterparts of Planck PSZ2 clusters,
considering matches with three recent catalogs built from Sloan Digital Sky Survey
(SDSS) data: AMF DR9, redMaPPer (v6.3) and Wen et al (WHL). We significantly
extend the number of optical counterparts of detected Planck clusters, and characterize
the optical properties when multiple identifications in different catalogs exist. For
Planck clusters which already possess an external validation, we analyze the redshift
assignment for both optical and X–ray determinations. We then analyze the Planck
Cosmology sample and comment on redshift determination and potential mass mis-
determinations due to alignment issues. Finally, we inspect the reconstructed y map
from Planck and reason on the detectability of optical clusters. Overall, AMF DR9
main (extended) finds 485 (511) optical matches, with 45 (55) previously unmatched
PSZ2 clusters, to be compared with the 374 optical matches already present in PSZ2. 29
of the 55 previously unmatched clusters do not yet have a followup in the literature. 18
of these are found in more than one SDSS catalog with consistent redshifts. We provide
redshift and mass estimates for the newly matched clusters, and discuss the comparison
with the follow-ups, when present. We find good agreement between the redMaPPer and
AMF DR9 redshift determinations. AMF DR9 tends to predict lower redshifts for a few
PSZ2 high–redshift clusters which were previously validated by an optical counterpart.
From the Planck Cosmology sample, optical matches are found for 204 of the 278 objects
in the observed area. We find 14 clusters which merit further investigation, and discuss
possible alignment issues for 9 of these clusters. After inspecting the y map, we provide
a list of 229 optical clusters not included in the Planck PSZ2 catalog but showing a
prominent y signal. We have further investigated the 86 clusters with Planck S/N> 4.5,
73 of which are unmasked by a nearby point source. From these potential clusters, using
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the MMF technique (applied to the Planck HFI maps), we were able to detect 20 new
cluster candidates with S/N > 4.5 that are not included in the PSZ2 catalog. 12 of
these clusters have S/N > 6 with 5 being in the close vicinity of at least one point
source.
Keywords: cosmology: galaxies, clusters, optical, catalogs
1. INTRODUCTION
Galaxy clusters are the most massive gravita-
tionally bound systems in the universe. Their
study has been pursued for various different
cosmological and astrophysical reasons (Seljak
2000, Pierpaoli et al. 2001, Rines et al. 2007,
Allen et al. 2008, Kaiser 2013, Umetsu et al.
2016). They comprise very distinct compo-
nents, such as dark matter (which constitutes
most of the mass), cold gas and dust in galax-
ies, as well as the intra–cluster medium (ICM)
which occurs in between galaxies. Emissions
from these varied components of a galaxy clus-
ter allow to observe them in several different
bands. Galaxies emit in the optical (as well
as Infrared), while the ICM emits in X–rays
via thermal brehmsstrahlung. The Sunyaev-
Z’eldovich (SZ) effect is caused by a spectral
distortion of the Cosmic Microwave Background
spectrum due to the scattering of CMB photons
off high energy electrons in the ICM. A com-
parison of the various cluster-detection meth-
ods will provide a better understanding of clus-
ter physics and the selection functions and bi-
ases for each one. This will allow unbiased de-
termination of fundamental cluster parameters
such as cluster mass and redshift for further cos-
mology. Galaxy clusters identified using optical
methods consider the over-density of galaxies in
a cluster while SZ methods consider the gas in
the ICM. It is useful to be able to compare the
properties of clusters identified using these var-
ied methodologies.
The AMF DR9 (Banerjee et al. 2018) is a new
optical catalog of galaxy clusters compiled from
the ninth data release of the Sloan Digital Sky
Survey. It is constructed using a matched filter
technique (Kepner et al. 1999, Dong et al. 2008,
Szabo et al. 2011). In this work, we characterize
the SZ-selected galaxy clusters from the Planck
SZ2 catalog, comparing the SZ cluster catalog
with the AMF DR9 optical catalog, as well as
a cross-section of new optical catalogs, such as
the AMF DR9 extended, the WHL (Wen et al.
2012) and the newest version of the redMaP-
Per catalog (v6.3) (Rykoff et al. 2014). Previ-
ously, the Planck PSZ2 catalog (Ade et al. 2016)
had only been compared with the older version
of the redMaPPer optical catalog (v5.10). We
look at Planck cluster redshifts and investigate
whether these can be confirmed by comparing
with redshifts of their optical cluster counter-
parts. We assign redshifts to Planck clusters
without a previous external validation using the
redshift of the AMF counterpart. We calcu-
late the SZ-determined masses (MSZ values) for
these Planck clusters using the assigned red-
shifts. We formulate a scaling relation between
the Planck mass estimate MSZ and AMF DR9
optical richness Λ200 in order to identify the best
counterpart for PSZ2 clusters with multiple pos-
sible AMF matches. We provide a list of MSZ
values (and a reliability estimate) for Planck
SZ2 clusters which did not possess an external
counterpart in the original Planck paper.
The paper is structured as follows: Section 2
outlines the catalogs (SZ and optical) that we
use for our comparisons. Section 3 describes
the 2D matching process by which we assign a
counterpart to a PSZ2 cluster. In Section 4, we
establish two parameters (in richness and angu-
lar separation) in order to help identify the best
AMF DR9 counterpart for PSZ2 clusters with
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multiple AMF matches. In Section 5 we investi-
gate the PSZ2 clusters with external validation
that have an AMF DR9 match, and comment
on the respective characterizations of the Planck
clusters and their optical counterparts. We sep-
arately look at the sub-samples of PSZ2 clus-
ters which have a counterpart in both AMF and
redMaPPer, and those that only have an AMF
DR9 counterpart. In Section 6 we investigate
the Planck clusters without a previous external
validation (as listed in the PSZ2 catalog). We
provide redshift and MSZ estimates for these
clusters, in addition to providing a reliability
flag based on how many other (non-AMF) coun-
terparts we find for each of these clusters. We
also comment on any relevant follow-up redshift
investigations of these clusters. In Section 7 we
investigate the PSZ2 clusters which are part of
the Planck Cosmology sample, and comment on
the optical counterparts for these clusters, com-
paring the redshift estimates for these clusters.
As part of Section 8, we work towards extending
the PSZ2 catalog by identifying signal sources
from the Compton y-map (both above and be-
low the S/N threshold of the clusters included
in the PSZ2 catalog) which correspond to the
locations of AMF DR9 cluster centers. Our re-
sults are summarized in Section 9. In Appendix
A we discuss the PSZ2 clusters with multiple
possible optical counterparts, both for Planck
clusters with and without external validation.
In Appendix B we present the list of Planck
clusters without external validation for which
we identify an AMF DR9 counterpart. We in-
clude MSZ estimates, flags for reliability of the
characterization of these clusters, along with in-
formation about their optical counterparts, and
whether there have been any follow-up redshift
estimates. In Appendix C, we provide the list
of optical clusters not included in the PSZ2 cat-
alog but which display a prominent y signal.
2. DATA
Planck SZ2: The Planck PSZ2 catalog (Ade
et al. (2016), hereafter Planck XXVII) of SZ-
selected galaxy clusters contains 1653 objects,
of which 805 lie in the SDSS DR9 coverage
area. The Planck collaboration identified an
external counterpart for 1091 clusters in total,
with 613 in the SDSS DR9 area. In the Planck
PSZ2 paper, 374 optical counterparts are found
via comparison with a non-public version of
the redMaPPer (v5.10) catalog containing a low
richness cutoff sample of 400,000 objects. 447
PSZ2 clusters (of which 196 are in the SDSS
DR9 area) are listed to have an external X–
ray counterpart sourced from the MCXC cat-
alog (Piffaretti et al. 2011). When considering
these matching clusters we will make use of the
Planck XXVII deliverables which include posi-
tion, redshift, signal-to-noise (S/N) and mass
MSZ (the hydrostatic mass expected for a clus-
ter consistent with the assumed scaling relation,
as in Equation (9) of Toffolatti et al. (2014)).
The PSZ2 clusters without an external coun-
terpart have all attributes but a redshift and a
MSZ estimate. The S/N cutoff of the catalog
is 4.5, while for the Planck Cosmology sample,
the minimum S/N of selected clusters is 6.
AMF DR9 main: The AMF DR9 main cat-
alog (Banerjee et al. 2018) contains 46,479 op-
tically detected galaxy clusters, with richness
Λ200 > 20 in the redshift range 0.05 ≤ z ≤ 0.64
in ∼11,500 deg2 of the sky. Angular position,
richness and redshift estimates for these clusters
are provided. The catalog was constructed us-
ing a maximum likelihood technique based on
a matched filter approach and does not rely on
the red sequence for cluster detection, poten-
tially allowing for the detection of galaxy clus-
ters that do not possess a central luminous red
galaxy. The richness Λ200 is the total luminosity
within R200 in terms of L
∗, where L∗ brightens
with redshift (Dong et al. 2008).
AMF DR9 extended: In addition to the
main version of the catalog, Banerjee et al. pro-
4 Banerjee et al.
Table 1. Planck SZ2 Catalog Matches (2D matches)
Optical Catalog No. of Clusters Matches (With/Without MSZ) Optical Counterparts [With]/Without MSZ(1/2/3)
AMF DR9 main 46479 485 (440/45) [(385/50/5)] (34/10/1)
AMF DR9 extended 79368 511 (456/55) [(322/107/19)] (38/14/2)
redMaPPer (v6.3) 26111 383 (363/20) [(278/71/12)] (16/4)
WHL 132684 593 (510/83) [(197/168/92)] (44/28/7)
Note—The table lists the 2D matches within 10 arcmin radius between the PSZ2 catalog and the AMF DR9 main, the
AMF DR9 extended as well as the redMaPPer (v6.3) catalogs. 805 PSZ2 clusters lie in the SDSS footprint. Column
1 and 2 lists the optical catalogs considered and the total number of clusters in each catalog. Column 3 indicates the
number of matched Planck clusters (with/without external validation). Column 4 lists the number of instances in
which one Planck cluster matches with (at most) one, two or three optical clusters in a given optical catalog. Note:
The total matched cluster numbers might not agree since in some cases one PSZ2 cluster may potentially have had
4 possible optical counterparts.
vide an extended catalog with a lower richness
cut, containing 79,368 clusters. This version
also contains clusters with richness 10 < Λ200 <
20 which have a match in the DR8 catalog de-
veloped by Wen et al (WHL) (Wen et al. 2012).
redMaPPer: redMaPPer is a red-sequence
cluster finder (Rykoff et al. 2014). The finder
identifies 26,111 clusters in ∼ 10,000 deg2 of
data acquired from SDSS DR8 in the range 0.08
≤ z ≤ 0.55. The richness Λ is defined as the sum
of the membership probabilities over all galax-
ies within a scale-radius Rλ (See Equation (2)
in Rykoff et al. (2014)). In our paper, we uti-
lize the newest version of the redMaPPer cata-
log (v6.3). While the AMF DR9 Λ200 and the
redMaPPer Λ are both measures of richness,
they fundamentally differ in the sense that while
the AMF richness is a measure of the luminosity
within R200 of a cluster center, the redMaPPer
richness is a measure of the galaxy counts in a
cluster.
WHL: The WHL cluster catalog (Wen et al.
2012) is constructed with a friend–of–friend al-
gorithm applied to the Sloan Digital Sky Survey
III (DR8). It contains ∼ 130,000 clusters in the
redshift range of 0.05 ≤ z ≤ 0.8. ∼ 116,000
of these clusters lie in the SDSS DR9 cover-
age area. The authors define cluster richness as
RL∗ = L200/L
∗, where L∗ is the evolved char-
acteristic luminosity of galaxies in the r-band,
and L200 is the total r-band luminosity within
R200 (See Equation (2) in Wen et al. (2012)).
3. 2D OPTICAL MATCHES
Taking the listed center of the Planck clusters
as a reference, we first look for matching optical
counterparts within a 10 arc-minute radius.
We report the results for the AMF DR9 main,
AMF DR9 extended, redMaPPer (v6.3) and
WHL catalogs in Table 1. In general, all optical
catalogs are found to have a higher number of
matches than the ones quoted in Planck XXVII,
and in some instances more than one potential
counterpart for a given Planck cluster. Using
the redMaPPer catalog (v6.3), we find 383 op-
tical counterparts for the Planck SZ clusters,
including 295 of the 374 redMaPPer clusters
listed as an optical counterpart in the PSZ2 cat-
alog. AMF DR9 main (extended) matches over-
all 485 (511) Planck clusters, 102 (128) more
than redMaPPer. 440 (456) of these 485 (511)
PSZ2 clusters have an external validation in
Planck XXVII and are discussed in Section 5.
Of the clusters with a MSZ estimate, 385 just
have one AMF DR9 main counterpart for the
corresponding Planck cluster. The remaining
multiply matched Planck clusters (with an ex-
ternal validation) are discussed in Section 5.1.
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AMF DR9 main (extended) also matches
45 (55) clusters without previously determined
counterparts as per the Planck XXVII pa-
per. Of these 55 clusters, 17 clusters are
also matched by the most recent version of
the redMaPPer catalog (v6.3). Among the 55
matches with PSZ2 clusters without external
validation, 44 have just one AMF DR9 coun-
terpart for the corresponding Planck cluster.
These and the other 11 multiply matched clus-
ters are discussed in Section 6. The WHL cat-
alog matches 108 more clusters than the AMF
DR9 main, of which 78 have an external coun-
terpart in the PSZ2 catalog, while 30 do not.
4. ESTABLISHING A SCALING RELATION
AND AN ANGULAR SEPARATION
PARAMETER
In order to facilitate the down–selection of
multiple optical matches, we define here two pa-
rameters that characterize richness and angular
separation. For the richness, we establish a scal-
ing relation between Λ200 and MSZ for a subset
of 140 Planck clusters whose redshift is sourced
from an X–ray counterpart, and which possess
matches in both the AMF DR9 and redMaPPer
catalogs with the redshift difference between the
PSZ2 cluster and its richest optical counterpart
(in the respective catalogs) ≤ 0.05. The scal-
ing relation for AMF DR9 Λ200 versus Planck
MSZ is similar to the one used in Equation 8 of
Planck XXVII (Ade et al. 2016) and reads:
ln < Λ200|MSZ >= B + Aln(MSZ
C
) (1)
where A = 0.7174± 0.075, B = 27.5354± 2.419,
and C is a normalizing constant fixed at 5 ×
1014M. The scatter σlnΛ200 for a given Planck
MSZ is 0.299 ± 0.025. The deviation of the
richness from the expected value, according to
the above scaling relation, is measured by the
quantity ∆Λ200 , which is formulated as ∆Λ200 =
(ln(Λ200− < ln Λ200|MSZ >))/σlnΛ200 .
For the angular separation, we calculate an
analogous parameter for every Planck-AMF
cluster pair, ∆θ =
θ
θerr
, where θ is the angular
separation (in arc-minutes) between the clusters
and θerr is the positional error provided for that
Planck cluster in the PSZ2 catalog.
5. OPTICAL COUNTERPARTS OF
PLANCK CLUSTERS WITH EXTERNAL
VALIDATION
In this section, we focus on the Planck clusters
with an external validation in the PSZ2 cata-
log, along with their matched optical counter-
parts (Section 3) in order to validate the as-
signed redshifts and potentially identify PSZ2
clusters which could have a better redshift val-
idation and line-of-sight alignment. The main
characterizations are done using the AMF DR9
and redMaPPer catalogs. In Section 5.1, we an-
alyze the multiply matched PSZ2 clusters using
richness and angular separation elimination cri-
teria that we have defined in Section 4. Through
this analysis, we aim to identify the best pos-
sible counterparts for the Planck clusters with
more than one optical AMF match. The best
characterized Planck clusters are likely be the
ones which have optical counterparts in both
the AMF DR9 and redMaPPer catalogs, so it is
important to investigate how the properties of
these clusters correlate. In Section 5.2 we dis-
cuss the PSZ2 clusters which possess a counter-
part in both the AMF DR9 and the redMaP-
Per (v6.3) catalog. We compare the redshifts
between the PSZ2 clusters and those of their
AMF DR9 counterparts, specifically consider-
ing the three Planck subsets whose redshifts are
sourced from redMaPPer clusters, X–ray clus-
ters or from other optical sources respectively.
In addition, we also investigate the relationship
between the Planck-provided mass and the op-
tical richness estimates. In Section 5.3 we ana-
lyze the PSZ2 Planck clusters that possess opti-
cal counterparts in the AMF DR9 catalog, but
do not possess a counterpart in the redMaPPer
(v6.3) catalog. In this process, we identify po-
tential new optical counterparts for clusters in
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the PSZ2 catalog. While analyzing individual
clusters in this section, we also consider whether
they possess a match in the WHL catalog, and
compare the properties of the AMF and WHL
matches.
5.1. Analyzing multiple matches (with AMF
DR9) for PSZ2 clusters with external
validation
In an effort to assign new AMF optical coun-
terparts to the Planck clusters, we consider
the richness, redshift and angular separation
of the AMF clusters which might be possible
matches for a given PSZ2 cluster. When there
are more than one possible AMF counterpart
for one PSZ2 cluster, we attempt to identify
the better optical match. If one AMF coun-
terpart had a richness exceeding at least 10
greater than the others, had a redshift differ-
ence |zAMF − zPlanck| ≤ 0.05 and had the lowest
values of both ∆Λ200 and ∆θ (See Section 4),
then the richer cluster is deemed to be the best
match. This process eliminates multiple opti-
cal counterparts for 35 of these 55 PSZ2 clus-
ters that had multiple counterparts in the AMF
(main and extended combined) catalogs. The
optical counterparts so determined for these 35
PSZ2 clusters show a smaller median value in
∆Λ200 (1.41, as opposed to 3.96 for the lower
richness clusters) and ∆θ (0.59, as opposed to
3.19 for the lower richness ones), as well as a
lower |zAMF − zPlanck| (0.0008 versus 0.1135).
Among the remaining 20 Planck clusters, we
identify 13 (99, 145, 237, 318, 621, 661, 709,
716, 791, 922, 959, 989, 1111 ) where the
Planck catalog might be characterizing the sig-
nal coming from two sources as one source.
This is done by investigating the MILCA y-map
(Hurier et al. 2013) provided by the Planck mis-
sion. We reason that a Planck cluster may in
fact be a blended cluster if the multiple opti-
cal counterparts lie on either side of the Planck
cluster signal. In this context, a blended clus-
ter refers to two distinct optical clusters at the
same redshift which have been characterized as
one cluster in the Planck sample. This is also
supported if the optical counterparts lie below
the Λ200 - MSZ scaling relation, thus implying
that the MSZ of the corresponding PSZ2 cluster
may have been over-estimated as compared to
the optical richness. 5 of these 12 clusters (99,
145, 237, 318, 922 ) are a part of the Planck
Cosmology sample (See Section 7).
In addition, we find some clusters whose char-
acterization may have been impacted by other
physical factors, e.g. Cluster 122 (which is also
a part of the Cosmology sample) might be un-
dergoing a merger (Fujita et al. 2006), while
Cluster 1299 is characterized as ’X-ray under-
luminous’ in the PSZ2 catalog. There are clus-
ters (299, 850 ) whose PSZ2 redshift is > 0.55,
which is typically beyond the redshift range of
the AMF finder, while in the case of Planck
Clusters 832, 868 and 945, there is very little
to distinguish between their respective multiple
possible AMF DR9 counterparts. This analysis
is presented in full in Appendix A.1.
5.2. Planck clusters with optical counterparts
in AMF DR9 main and redMaPPer
Overall, there are 295 PSZ2 clusters with a
counterpart in both the AMF and redMaPPer
optical catalogs, some of which possess multi-
ple matches. In most cases, the criterium out-
lined in Section 5.1 selects a best match, but
for 7 clusters the AMF DR9 counterpart re-
mains ambiguous (Planck clusters 99, 621, 709,
791, 850, 989, 1111, see 5.1 and A.1). Here we
consider the remaining 288, and discuss their
redshift determination and richnesses. The red-
shift of these clusters in the PSZ2 catalog are
taken from X–ray measurements (126 objects),
redMaPPer (v5.10) estimates (104 objects), and
other optical sources (58 objects). The redshifts
of the same clusters in the two versions of the
redMaPPer catalog (v5.10 and v6.3) are almost
identical, with a mean difference of 0.0002 and
a standard deviation of 0.003.
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Figure 1. Plot for AMF z versus redMaPPer z
for the 126 Planck clusters with an X–ray sourced
redshift. These PSZ2 clusters possess an optical
counterpart in both AMF DR9 and redMaPPer.
We show the same plot for the 58 PSZ2 clusters
which occur in both optical catalogs but have their
redshifts sourced from a non-redMaPPer or X–ray
source. The best-fit lines for zAMF vs zredMaPPer
are shown in the figure. Error bars are shown for
every fifth point.
Fig. 1 shows the redshift determination of
redMaPPer and AMF finders for the PSZ2 clus-
ters which occur in both catalogs and have their
redshifts sourced from an X–ray cluster, as well
as from a non-redMaPPer or X–ray source. We
find that the redshift estimates for the optical
counterparts are nearly identical at lower values
of redshift (z < 0.35) while the AMF redshift is
typically lower than the quoted redMaPPer red-
shift for a Planck redshift z ≥ 0.35.This is par-
ticularly relevant because the quoted redshifts
in PSZ2 in the redshift range 0.35-0.6 relies
heavily on redMaPPer determinations. A lin-
ear fit to the PSZ2 clusters which occur in both
optical catalogs but have their redshifts sourced
from a non-redMaPPer or X–ray source pro-
vides nearly identical slopes for both z < 0.35
and z ≥ 0.35, with the AMF redshifts being
slightly lower as compared to the redMaPPer
ones.
Figure 2. Plot for zPlanck versus (zAMF −zPlanck)
and (zredMaPPer - zPlanck) for the 126 Planck clus-
ters (with an X-ray validated redshift) with an op-
tical counterpart in both AMF DR9 and redMaP-
Per. Inset image shows the outliers. Error bars are
shown for every fifth point.
Fig. 2 shows the scatter plot (with error bars)
for zPlanck vs (zAMF - zPlanck) and zPlanck vs
(zredMaPPer - zPlanck) for the clusters with a
redshift validated from an X–ray source. In-
vestigating the statistics of the clusters with
X–ray sourced redshift values, we see that the
mean and variance of the zAMF − zPlanck val-
ues for these clusters are 0.0135 and 0.0018 re-
spectively, which are both lower than the cor-
responding values of 0.0143 and 0.0031 for the
quantity zredMaPPer − zPlanck for these clusters.
The lines of best fit (with the slopes being−0.11
and −0.05 for AMF and redMaPPer respec-
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tively) are also shown on the plot. However,
a t-test between the two samples yields no sta-
tistically significant difference. This is also con-
sistent with our analysis of Fig. 1 above, where
we inferred the redMaPPer z estimates to be
slightly higher than the AMF z estimates for
PSZ2 clusters with an X-ray sourced redshift,
but, as mentioned, this difference does not ap-
pear to be statistically significant. The same
trend holds when we consider the PSZ2 clusters
with a redshift validated by neither an X-ray
nor a redMaPPer cluster.
The insert of Fig. 2 shows 3 clusters with
X-ray redshift validation (Planck clusters 411,
1174 and 1522 ) for which PSZ2 cites a redshift
(z < 0.1) which is much lower than the one de-
termined from a matching cluster in redMaP-
Per, AMF or WHL catalogs. For these clusters,
the redshift of the matching object in redMaP-
Per and AMF are nearly identical. For Planck
clusters 411 and 1174, the optical counterparts
have very high richness (∼ 100). For these 2
clusters, the scatter (∆Λ200) decreases if we cal-
culate theMSZ utilizing the redshift of the AMF
counterpart. The angular separations of the
optical matches (AMF and redMaPPer) from
the Planck cluster center 411 are 0.4 and 2.5
arc-minutes respectively while for cluster 1174
the corresponding separations are 2.5 and 1.6
arc-minutes respectively. WHL also possess a
match for these two Planck clusters with identi-
cal properties in richness and redshift. Thus, it
seems likely that the PSZ2 cluster might have
chosen a nearby cluster as the optimal redshift
source, while there could have been more vi-
able richer clusters at a higher redshift. For
Cluster 1522, there are redMaPPer and WHL
clusters at an equivalent distance (as the AMF
cluster) from the Planck cluster center (∼ 6 arc-
minutes) and an identical redshift to the AMF
counterpart (∼ 0.4). The X-ray luminosities of
the X-ray clusters from which these PSZ2 clus-
ter redshifts are sourced are all between 1-2 (in
Figure 3. Plot for zPlanck versus (zAMF −zPlanck)
for the 104 Planck clusters (with a redMaPPer
sourced redshift) with an optical counterpart in
both AMF DR9 and redMaPPer. Inset image
shows the outlier. Error bars are shown for every
fifth point.
units of 1044 ergs s−1). All the optical matches
are at a low richness, thus, it is possible that the
PSZ2 cluster is actually a superposition of the
low redshift X-ray cluster from which its cata-
log redshift is drawn, as well as a more distant
lower richness cluster. For these clusters, there
seems to be at least an alignment problem if
not a mischaracterization. These 3 clusters are
discussed in more detail in Appendix A.2.
Fig. 3 shows the zPlanck vs (zAMF - zPlanck)
(with error bars) for PSZ2 clusters with a
redMaPPer sourced redshift. From the statis-
tics of these clusters, we see that the mean and
variance of the zAMF − zPlanck values for these
clusters are 0.0009 and 0.0004 respectively. The
line of best-fit (shown on the plot) gives a slope
of -0.13. Thus, in the case of these PSZ2 clus-
ters as well, the AMF redshift values are lower
than the Planck redshift values.
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Figure 4. Plot for AMF Λ200 versus redMaPPer
Λ for the 288 Planck clusters with an optical coun-
terpart in both AMF DR9 and redMaPPer. The
clusters are colored according to their Planck MSZ .
The plot shows the line of best–fit between the op-
tical richnesses.
The outlier from Fig. 3 (Planck cluster 637 )
has a much lower value of redshift in AMF
DR9 (∼ 0.16) as opposed to the redMaPPer (or
Planck) redshift (∼ 0.54). The AMF counter-
part is ∼ 9 arc-minutes away from the PSZ2
cluster center. It seems likely that the AMF
counterpart does not correspond to the same
cluster due to line-of-sight projection effects.
Fig. 4 shows the scatter between the two opti-
cal richnesses, colored according to the Planck-
quoted MSZ of the corresponding clusters. In
general, the two richnesses are well correlated,
although with considerable scatter, and the es-
timated MSZ correlates well with richness. The
best–fit is log10(Λ200) = (0.74± 0.05) log10(Λ) +
0.43± 0.1.
In this section, we have discussed the PSZ2
clusters which possess a counterpart in both
the AMF DR9 and the redMaPPer (v6.3) cat-
alogs. We compare the redshifts between the
PSZ2 clusters and those of their AMF DR9
counterparts, specifically considering the three
Planck subsets whose redshifts are sourced from
redMaPPer clusters, X–ray clusters or from
other optical sources respectively. For PSZ2
clusters with an X–ray sourced redshift, we find
that the redshift estimates (for the AMF and
redMaPPer counterparts) are nearly identical
at lower values of redshift of the corresponding
PSZ2 cluster (z < 0.35) while the AMF red-
shift is typically lower than the quoted redMaP-
Per redshift for a cluster with Planck redshift
z ≥ 0.35. There are 3 outliers (with X-ray red-
shift validation) for which PSZ2 cites a redshift
much lower (< 0.1) than the one determined
from a matching high richness cluster in the
redMaPPer, AMF or WHL catalogs. For two
of these clusters, the optical properties are very
similar, and it is likely that the PSZ2 redshift
may have been better validated by a more dis-
tant cluster. We reason that the third cluster
might be blended. We identify one PSZ2 clus-
ter where the discrepancy with the AMF coun-
terpart might be due to line-of-sight projection
effects. We also investigate the relationship be-
tween the Planck MSZ and the optical richness
estimates, and find good correlation between
the optical richnesses, as well as between the
MSZ and the AMF richness. For PSZ2 clus-
ters with a counterpart in both AMF DR9 and
redMaPPer, we find, on average the AMF red-
shift estimates to be lower than that of the cor-
responding redMaPPer clusters. However, this
effect does not appear to be statistically signif-
icant.
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Figure 5. Plot for AMF z versus Planck z for the
85 Planck clusters with an optical counterpart in
AMF DR9, but not in redMaPPer (v6.3). We plot
separately the scatter for PSZ2 clusters which have
a redshift sourced from an X–ray cluster (typically
from the MCXC catalog), and PSZ2 clusters which
take their redshift from a non X–ray source (such as
Abell or WHL). The one-to-one line is also shown
in the plot.
5.3. AMF DR9 matches with PSZ2 clusters
with external validation, without a
redMaPPer (v6.3) counterpart
Overall, there are 92 PSZ2 clusters with an
external validation that possess one or more
matches in AMF but not in redMaPPer. How-
ever, seven of these are multiply matched clus-
ters with an ambiguous AMF DR9 counterpart
(Planck clusters 122, 318, 661, 716, 832, 868,
922 ), and are discussed in Appendix A.1. The
remaining 85 clusters are discussed here. Fig.
5 shows the redshift relationship between the
AMF and PSZ2 clusters. We plot separately
the redshift for PSZ2 clusters which have a red-
shift sourced from an X–ray observation, and
PSZ2 clusters which take their redshift from a
non X–ray source (such as Abell or WHL). We
investigate whether the AMF DR9 catalog can
be used to distinguish between PSZ2 clusters
with different redshift sources. Fitting the data
for PSZ2 clusters with X–ray sourced redshifts
(which are typically more abundant at lower
values of z) we find good agreement between
the AMF and the Planck-quoted redshifts. For
the PSZ2 clusters with a redshift drawn from
neither an X–ray nor a redMaPPer cluster, the
AMF redshift tends to be lower than the red-
shift of the corresponding PSZ2 cluster.
From Fig. 5 we see that there is good agree-
ment between the AMF and other source red-
shifts which are not validated by WHL. There
are 2 clusters (|zAMF−zPlanck| > 0.05) which do
not have an X–ray counterpart (Planck clusters
390 and 478 ). Both of these PSZ2 clusters have
their redshifts validated by WHL clusters and
have redshift values > 0.6. In general, optical
cluster finders do not identify many high red-
shift clusters so there is cause for investigation
here. These outliers are discussed in more detail
in Appendix A.3. When the redshifts are drawn
from X–ray sources, the scatter decreases from
z< 0.1 to z≥ 0.1. For the clusters with redshifts
drawn from other sources, the scatter shows the
same trend.
We assume that the best match is the one that
brings better agreement with the MSZ that is
expected from the e Λ200 − MSZ scaling rela-
tion (See 4) given the new z value. There are 3
PSZ2 clusters (cluster 102, 238 and 425 ) where
|zAMF − zPlanck| > 0.05. These clusters have
Planck redshifts 0.04, 0.02 and 0.04 respectively,
which lie below the lower bound of the redshift
range of the AMF finder. We investigate these
clusters for potential line-of-sight alignment is-
sues. In all 3 cases, the AMF cluster lies at a
z> 0.1 and since both of the clusters 102 and
238 have very high S/N values (15 and 35 re-
spectively), it is possible that they might be
blended clusters. That is, the PSZ2 cluster sig-
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nal takes into account the contribution of the
signals of more than one cluster along the line-
of-sight.
In this section we have analyzed the 85 PSZ2
Planck clusters that possess optical counter-
parts in the AMF DR9 catalog, but do not pos-
sess a counterpart in the redMaPPer (v6.3) cat-
alog. In this process, we identify potential new
optical counterparts for clusters in the PSZ2
catalog. While analyzing individual clusters in
this section, we also consider whether they pos-
sess a match in the WHL catalog, and compare
the properties of the AMF and WHL matches.
Fitting the data for PSZ2 clusters with X–ray
sourced redshifts we find good agreement be-
tween the AMF and the Planck-quoted red-
shifts. For the PSZ2 clusters with a redshift
drawn from neither an X–ray nor a redMaPPer
cluster, the AMF redshift tends to be lower than
the redshift of the corresponding PSZ2 cluster.
We discuss the 4 outliers with |zAMF−zPlanck| >
0.05, 2 of which have a z < 0.04 and the other
2 have a high z (> 0.6). We reason that the
two clusters at a lower redshift (which have a
very high S/N) may be blended clusters. The
two outliers at higher redshifts have their red-
shifts sourced from an optical catalog (WHL)
and optical cluster finders typically do not per-
form well at such high redshift values. This dis-
crepancy might be due to the fact that optical
finders are less reliable at high redshift values.
6. OPTICAL COUNTERPARTS OF
PLANCK CLUSTERS WITHOUT
EXTERNAL VALIDATION
In this section, we focus on the Planck clus-
ters without an external validation in the PSZ2
catalog. We find AMF counterparts to assign,
for the first time, new redshifts to these clus-
ters. Angular matches for each PSZ2 cluster
are identified in accordance with the method
outlined in Section 3. PSZ2 clusters without
any listed external counterparts do not have
an MSZ estimate, as a redshift is needed for
this purpose. We calculate the masses of these
PSZ2 clusters according to a technique outlined
in Section 6.1. We use these calculated MSZ
values to determine the viability of the optical
counterparts according to the scaling relation
outlined in Section 4. In Section 6.2, we inves-
tigate the properties of the Planck clusters with
matches in one or more optical catalogs, includ-
ing the AMF DR9, WHL and the redMaPPer.
We discuss whether any of these PSZ2 clusters
have a follow-up redshift estimate and how that
compares to the redshift of the matching AMF
cluster.
6.1. Calculation of MSZ for PSZ2 clusters
without external validation
The PSZ2 catalog is constructed by combining
the detections made by three methods (MMF1,
MMF3 and PwS) into a union catalog. The
authors provide for all entries (for each individ-
ual detection method) an array of masses as a
function of redshift (MSZ(z)), which is obtained
by intersecting the degeneracy curves with the
expected function for different redshift values,
from z = 0 to z = 1.
Provided as part of the PSZ2 catalog, the
third extension HDU (Header Data Unit) con-
tains a three-dimensional image with the MSZ
observable information per cluster as a function
of assumed redshift. For each cluster, the PSZ2
catalog provides a flag (PIPE DET ), which
refers to which of the three pipelines (MMF1,
MMF3 or PwS) the cluster has the highest value
of S/N in. We choose the MSZ(z) array from
the corresponding pipeline according to the flag.
We fit the array to a third degree polynomial,
and interpolate the curve at the redshift of the
AMF counterpart to estimate the MSZ value of
the corresponding PSZ2 cluster.
6.2. Characterizing PSZ2 clusters via their
AMF counterparts
Of the 562 PSZ2 clusters without redshift in-
formation, 57 occur in the SDSS DR9 cover-
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Table 2. Optical Counterparts for PSZ2 clusters without external validation
Planck Cluster zAMF zAMF - zFollow−up zAMF - zredMaPPer zAMF - zWHL Reliability Calculated MSZ
161 0.38 0.0 0.02 0.04 A 6.10
176 0.26 0.06 x 0.04 C 4.56
194 0.37 x x x E 5.85
243 0.37 -0.04 x x C 5.09
Note—The table displays the clusters (first 4 rows displayed) with a counterpart in the extended AMF catalog, along
with information about whether they occur in the AMF main, WHL and redMaPPer catalogs, the redshift of their
AMF counterpart, and whether they have a redshift estimate in a follow-up study. In addition the table also lists
the redshift differences between the matched optical counterparts and whether the PSZ2 clusters have had other
follow-up studies. If there are no counterparts to calculate the redshift difference from then the column entry is
an ’x’. If a particular cluster does not occur in AMF DR9 main then the redshift difference is calculated from the
corresponding entry in the AMF DR9 extended catalog. Column 6 lists the reliability estimate of the cluster, on a
scale of most reliable (A) to least reliable (E). The details of the reliability flag are provided in Appendix B. Column
7 lists the calculated MSZ values (in units of 10
14 M) for these PSZ2 clusters, according to the redshift of their
AMF DR9 counterpart. Multiple entries in the columns indicate multiple possible AMF counterparts for the given
PSZ2 cluster. The full table is presented in Appendix B.
age area. Overall, we find AMF DR9 (both
main and extended) counterparts for 55 of these
Planck clusters. Table 2 lists a sub-sample of
these clusters, along with information about
whether they occur in the WHL and redMaPPer
catalogs, and whether they have a redshift esti-
mate in a follow-up study. In addition, the table
also provides a MSZ estimate for these clusters,
and a reliability flag, on a scale of most reliable
(A) to least reliable (E). Further details of the
reliability flag are provided, along with the full
table, in Appendix B.
6.2.1. Clusters with follow-up redshifts
26 of these 55 clusters have had a follow-
up redshift estimate in the literature since the
PSZ2 catalog was published. 5 clusters (161,
327, 371, 667, 739 ) have a counterpart in both
the redMaPPer and WHL catalogs, as well as
a follow-up redshift, and the redshift difference
between the matched AMF cluster and these 3
counterparts are ≤ 0.05 (These are designated
to be the most reliable with the A reliability
flag). 18 of these 26 clusters have a redshift
difference zAMF − zFollowup <= 0.05. Of the 8
clusters where the zAMF − zFollowup > 0.05, 6 of
them have redshifts (Planck clusters 303, 381,
394, 462, 483, 681 ) which are at the upper-
limit or beyond the range of the AMF finder
(z > 0.6). The other 2 clusters Planck clusters
295, 673 (with a discrepant AMF and Follow-
up z citepref:26) have counterparts in WHL
with a redshift identical to the AMF counter-
part. Thus we reason that the AMF matches
for these 2 Planck clusters could be the genuine
optical counterparts.
6.2.2. Clusters without follow-up redshift
estimates
Of the 29 clusters without a follow-up redshift
estimate, 18 have a counterpart in either WHL
or redMaPPer. In all of these cases, there exists
an optical counterpart (either WHL or redMaP-
Per) which has a redshift difference of < 0.05
with the AMF counterpart. 6 clusters occur in
all 3 optical catalogs (279, 423, 668, 906, 921,
1070 ). Aside from 906 (where the AMF coun-
terpart has a redshift of 0.27), in all the other
5 cases the AMF counterpart is at a z > 0.4.
The calculated MSZ values for these clusters are
> 6 (in units of 1014M). There is good agree-
ment with the redMaPPer counterpart z for 4
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of these 6 clusters (423, 668, 906, 1070 ). There
are 11 clusters which possess a match only in
the AMF catalog (and are flagged E in the re-
liability estimate). Of these 11 clusters, 4 are
multiply matched clusters (410, 426, 468, 875 )
and have been discussed in 6.2.3. Clusters 410
and 468 are designated as ambiguous matches,
while 426 and 875 are likely to be blended clus-
ters. For the other 7 PSZ2 clusters which only
possess a counterpart in AMF DR9, the scatter
∆Λ200 ∼ 4, while the AMF richness Λ200 < 30,
with the angular separations between the AMF
and Planck cluster centers being in the range
4 − 6 arc-minutes. Thus, these PSZ2 clusters
correspond to low richness AMF DR9 clusters
which lie close to each other in two dimensions.
These clusters, along with their reliability flags,
are presented in the full table in Appendix B.
6.2.3. Multiply Matched Clusters
Among the 55 matches with PSZ2 clusters
without external validation, 44 have just one
AMF DR9 counterpart for the corresponding
Planck cluster, while 11 PSZ2 clusters have
multiple possible optical counterparts. From
the PSZ2 clusters with multiple optical coun-
terparts (Planck clusters 279, 284, 381, 410,
415, 426, 438, 468, 875, 906, 920 ), we find 6
objects which might be blended clusters. For
these clusters (279, 381, 426, 875, 906, 920 ),
the difference in redshifts of the matching AMF
clusters are less than the error in redshift (0.03)
of the AMF catalog. In addition, upon inspec-
tion of the signal map, the multiple AMF coun-
terparts lie on either side of the PSZ2 cluster
center. Upon calculating the MSZ values of
these clusters (utilizing the redshift of the AMF
counterparts), we estimate that in all these in-
stances, the calculated MSZ value is higher than
the cluster richness according to the Λ200-MSZ
scaling relation (4). We reason that this implies
that the signal for the PSZ2 cluster might actu-
ally be coming from two sources, which corre-
spond to the two optical counterparts. For the
other 5 PSZ2 clusters 284, 410, 415, 438, 468,
there is a redshift difference dz>0.05 between
the possible AMF counterparts for each Planck
cluster. In all these 5 cases, the higher richness
match has a lower value of scatter with respect
to the Λ200-MSZ scaling relation. However, in 4
of the 5 cases (Clusters 410, 415, 438, 468 ), the
richer AMF cluster has a much higher value of
angular separation from the PSZ2 cluster center
as compared to the less rich cluster. Hence, it
is difficult to determine a better match, or com-
ment on possible line-of-sight projection effects
for these clusters.
Thus, we assign 44 new optical counterparts
for PSZ2 clusters without an external valida-
tion. Subsequently, we assign new redshift es-
timates (based on the redshift of the match-
ing AMF cluster) to these cluster and calcu-
late their MSZ values as well. This information
is presented in Table 5. Among the remain-
ing 11 clusters, we identify 6 cases which might
be instances of blended clusters, with the PSZ2
catalog having characterized 2 clusters (which
correspond to the possible optical counterparts)
as one object. For the remaining 5 clusters,
we cannot determine an unambiguous optical
counterpart via our analysis, nor can we reason
that these clusters might be blended. There has
been a recent published cluster catalog which
presents cluster candidates obtained from joint
X-ray-SZ detections using observations from the
Planck satellite and the ROSAT all-sky survey
(RASS) (Tarr´ıo et al. 2019). However, none of
the 55 clusters we have analyzed in this section
have had a follow-up in the aforementioned pa-
per.
7. OPTICAL COUNTERPARTS IN THE
PLANCK COSMOLOGY SAMPLE
In the PSZ2 catalog presented by Planck
XXVII, there are 507 clusters which are part
of the Planck Cosmology sample, 278 of which
lie in the SDSS DR9 coverage area. All 278 clus-
ters possess a redshift estimate. The masses
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Table 3. Possible clusters to investigate in the Planck Cosmology sample
Planck Cluster AMF Λ200 Ang. sep (arcmins) zAMF zPlanck
43 30 5.5 0.22 0.04
102 24 3.8 0.28 0.04
238 42 5.3 0.16 0.02
425 25 9.6 0.15 0.04
478 42 0.5 0.53 0.63
1101 33 4.0 0.36 0.04
99 59/36 3.0/6.4 0.39/0.09 0.09
122 29/21 1.7/9.4 0.21/0.47 0.04
145 79/57 7.5/3.0 0.48/0.08 0.06
237 68/53 9.7/1.2 0.21/0.07 0.07
318 133/29 2.8/9.7 0.34/0.26 0.25
922 95/90 3.5/1.0 0.14/0.15 0.12
809 47/24 1.8/3.6 0.51/0.49 0.54
987 99/75 3.4/5.4 0.23/0.23 0.23
Note—The table shows the 14 PSZ2 clusters with ambiguous AMF coun-
terparts, along with their redshift value. Column 1 lists the Planck clus-
ter number. Columns 2, 3 and 4 list the AMF richness(es), angular
separation(s) of the AMF cluster and Planck cluster center(s) and the
redshift(s) of the matching cluster(s). These columns have multiple en-
tries if the PSZ2 cluster has more than one possible AMF counterpart.
Column 5 lists the Planck redshift.
and redshifts of these clusters are used to de-
termine cosmology so it is important to in-
vestigate whether they have been characterized
properly. Overall we find 204 matches between
the Planck Cosmology clusters and the opti-
cal clusters in AMF DR9 (both main and ex-
tended). 176 PSZ2 clusters have single matches
with optical AMF clusters, while 28 Planck
clusters have multiple possible AMF counter-
parts. We investigate the redshifts and coun-
terparts of the Planck Cosmology clusters, and
discuss potential issues in the characterization
of the Planck clusters or their possible AMF
DR9 counterparts. Table 3 presents the clusters
that we conclude might have alignment or mis-
characterization issues, along with their proper-
ties (such as AMF redshift and Λ200).
170 of the 176 Planck Cosmology sample clus-
ters with a single AMF DR9 counterpart have
a redshift match (|zAMF − zPlanck| ≤ 0.05). The
other 6 all lie at low z (< 0.05) or high z (> 0.6),
beyond the redshift range of the AMF finder.
In these 6 cases, we check if the Planck signal
is perturbed by the presence of any of the more
distant (or nearer) optical matches, due to line-
of-sight alignment effects. 2 of the 6 clusters
with |zAMF − zPlanck| > 0.05 (Planck clusters
43 and 1101 ) possess counterparts in redMaP-
Per and in both these cases, zAMF − zPlanck
and zredMaPPer − zPlanck values are > 0.1. The
Planck redshift (drawn from an X–ray cluster),
in both these cases, is < 0.05, while the op-
tical catalogs place the cluster at a much far-
ther redshift (> 0.2). In particular, in the case
of Cluster 1101, both the AMF and redMaP-
Per counterparts possess identical optical rich-
nesses ∼ 30, redshifts (∼ 0.36) and lie at the
same location, ∼ 4 arc-minutes away from the
PSZ2 cluster center. From the Λ200 - MSZ
scaling relation, the value of MSZ (provided
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by Planck) for these clusters is larger with re-
spect to the corresponding Λ200. This is an in-
dication that the signal could possibly accom-
modate another object along the line of sight.
This could imply that the PSZ2 catalog chose
a nearby X–ray source to characterize the clus-
ter, while there could also have been contribu-
tions to the SZ signal from clusters at a higher
redshift. Considering the remaining 4 clusters
with |zAMF − zPlanck| > 0.05, 102, 238, 425
and 478 do not possess counterparts in redMaP-
Per (v6.3) and could be subject to line-of-sight
alignment effects. Of these, 102, 238 and 425
lie at low redshift values while 478 has a WHL-
sourced redshift of 0.63 (See 5.3 and Appendix
A.3).
Of the 28 Planck Cosmology clusters with
multiple AMF counterparts, 22 clusters have
a clearly determined counterpart according to
the criteria outlined in Section 5.1. There are 6
clusters with ambiguous AMF counterparts, 5 of
which (99, 122, 237, 318, 922 ) have their PSZ2
redshifts sourced from Abell clusters, while the
other one (145 ) has its redshift validated by
an X–ray cluster. These clusters have already
been discussed in detail in 5.1 (Also see Ap-
pendix A). In the case of clusters 99,145,237,
318 and 922, we investigated the MILCA y-map
and concluded that the Planck catalog might
be characterizing the signal coming from two
sources as one source. Cluster 122 might be un-
dergoing a merger (Fujita et al. 2006). Thus, we
reason that these 6 PSZ2 clusters, which have
been included as part of the Planck Cosmology
sample, need to be investigated further.
As part of our efforts to find the best pos-
sible optical counterpart for Planck cosmology
clusters, we revisit the down-selection criteria
for the 22 multiply-matched PSZ2 clusters with
a clearly determined counterpart (according to
the previous cutoff, See 5.1). Upon relaxing
the richness cutoff threshold, we find 2 clus-
ters (809, 987 ) which merit further investiga-
tion. For both of these clusters, the AMF coun-
terpart centers are nearly identical in angular
position and redshift. In the case of PSZ2 clus-
ter 809, the high value of the Planck quoted
S/N (7.1) and the comparatively low value of
the AMF richnesses (46.5 and 24.4) imply that
the PSZ2 catalog might have characterized two
smaller clusters as one larger (blended) cluster.
In the case of cluster 987, there is a much richer
AMF DR9 match, which also has a counterpart
(similar optical richness, angular separation as
well as redshift) in both the WHL and redMaP-
Per clusters. In this case as well, the Planck
S/N is very high (∼ 8), which might imply the
same blending phenomenon as for cluster 809.
So, overall, we match 204 of 278 clusters from
the Planck Cosmology sample. 190 of these 204
clusters possess one clearly determined counter-
part in the AMF DR9 catalogs (both main and
extended). There are 14 other matched clusters
with ambiguous counterparts, which are shown
in Table 3. Of these 14, there are 6 clusters with
a single AMF match but a redshift discrepancy
of> 0.05 between the PSZ2 cluster and its AMF
DR9 counterpart. These clusters all lie at low z
or high z, beyond the redshift range of the AMF
finder. In these 6 cases, we check if the Planck
signal is perturbed by the presence of any of
the more distant optical matches, due to line-
of-sight alignment effects. In 2 of these cases,
we find matching clusters in AMF and redMaP-
Per with nearly identical redshifts, but the PSZ2
cluster redshift is at a much closer value. These
2 clusters have X-ray sourced redshifts in the
PSZ2 catalog, so the mis-match with the optical
counterparts could be due to line-of-sight align-
ment effects. There are 8 other clusters with
ambiguous multiple possible AMF counterparts
and in 1 of these cases, an external physical pro-
cess, such as a merger, might have interfered
with the cluster identification. There could be
potential alignment issues for the other 7 clus-
ters, due to either Planck choosing the redshift
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of a nearer cluster, despite there being a richer
cluster at a higher redshift, or considering the
signal from two clusters along the line-of-sight
as the signal for one cluster.
8. TOWARDS EXTENDING THE PSZ2
CATALOG
As part of this section, we investigate whether
the PSZ2 catalog could be expanded to include
more clusters. We investigate the y-distortion
signal detected by Planck in the direction of
the AMF DR9 optical clusters. The scopes of
this investigation are many. Firstly we can sta-
tistically inspect potential spurious detections
of optical clusters, then we can see whether
some likely massive clusters have remained un-
detected by Planck and address the reasons
for such non-detections. After we establish a
list of potential SZ-selected clusters, and pro-
ceed to use the multifrequency matched filter-
ing (MMF) technique to estimate the signal-to-
noise for these SZ galaxy cluster candidates us-
ing the Planck HFI maps.
8.1. Investigating the y-map for new SZ
clusters
We utilized the y-map produced by the NILC
component separation method, together with
its standard deviation, both of which are avail-
able in the Planck Legacy Archive. In addi-
tion we also used the 61% CO map (Khatri
2016) as a galaxy foreground mask. We pre-
processed the y-map following the procedure of
Burenin (Burenin 2017). Specifically, the sig-
nal to noise map was obtained from the map
of the y-parameter and the smoothed standard
deviation. The smoothing occurs via a 1 degree
radius-median filter. The large scale anisotropy
(which is estimated by further smoothing the
S/N) is then subtracted from the S/N to obtain
the final map where we investigate the galaxy
cluster locations.
First, we compare the overall signal in the di-
rection of the AMF clusters with the one of the
Figure 6. S/N distribution obtained from the y-
map using the Burenin procedure outlined above.
We also overplot the S/N corresponding to the
sources which align with AMF DR9 cluster centers
as well as the S/N distribution for high richness
(Λ200 > 80) AMF DR9 clusters
whole map. The histograms are displayed in
Fig. 6. From the plot, it is visible that the
overall distribution of AMF clusters is skewed
positively with respect to the one of the S/N
signal in the map, while restricting the sample
to the richest clusters cuts out the lower S/N
tail and retains the highest S/N sample. There-
fore, the location of potential clusters have an
overall more prominent y-signal, and there is a
trend in richness as expected. A low S/N, how-
ever, does not necessarily indicate a false optical
cluster detection, so we cannot use the y-map to
exclude optical clusters from the catalog. How-
ever, we can inspect which optically detected
clusters should have been detected and weren’t,
as well as which ones might have been close to
detection. In order to do so, we need to also
investigate lower S/N values than the threshold
of 4.5 used in the PSZ2 paper.
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Figure 7. Plot for Planck S/N versus the S/N cal-
culated from the y-maps using the procedure out-
lined in the text. The best-fit line is also shown.
The S/N determination procedure outlined
above differs from that used to determine the
Planck S/N in the PSZ2 paper. Hence, the
S/Ns of the sources corresponding to AMF clus-
ter centers must be corrected to the scale of the
PSZ2 catalog. In order to rescale the S/Ns to
those of the PSZ2 catalog, we calibrate a best-fit
relation between the S/Ns of the two separate
measurements for the cluster catalogs (AMF
and Planck) where we obtain a slope of 1.65
and an intercept of -1.15. Fig. 7 shows the rela-
tionship between the Planck provided S/N and
the S/N generated from the y-map using the
Burenin procedure. The scatter is calculated to
be ∼ 22% for the entire Planck S/N range, as
well as for the Planck S/N range between 5 and
10. From here onwards, S/N refers to the in-
ferred S/N from the scaling, corresponding to
the one in the PSZ2 paper for the individual
cluster detection (Ade et al. 2016).
In order to inspect whether certain rich clus-
ters have not been detected by Planck, we first
consider the sources with S/N in the range that
should have produced a detection according to
the criteria outlined in the PSZ2 paper, but
were not detected. There exist 86 AMF clusters
with a signal-to-noise greater than 4.5 which
were not included in the PSZ2 catalog. 73 of
these clusters are not masked by a point source
(See 8.2). 50 of these clusters were detected
by both WHL and redMaPPer, while 8 of these
clusters occurred only in the AMF DR9 cata-
log. Thus there are 50 such sources that occur
in all 3 optical catalogs which could be potential
Planck clusters and were not included among
the 1653 clusters of the PSZ2 catalog. We in-
vestigate the maps to see whether these clusters
may have been missed by the PSZ2 catalog due
to high galactic contamination (dust) or noise.
Figs. 8 and 9 show the locations of the clusters
(with S/N > 4.5) overlaid on the noise map and
the galactic dust map respectively (Adam et al.
2016b,a). From the distribution of the clusters
it would seem that they do not preferentially
lie in areas typically contaminated by high fore-
grounds or noise levels. Fig 10 shows the scat-
ter between the AMF DR9 Λ200 and the Planck
signal-to-noise for the clusters with a S/N> 4.5.
While an apparent trend does not exist in Fig.
10, we find that 3 of the clusters have a richness
(Λ200) greater than 100. We find 5 AMF clus-
ters that correspond to sources with a S/N> 5.5
in the y-map. 3 of these clusters also have a
counterpart in both the redMaPPer and WHL
optical catalogs. The details of these clusters
are provided as a table (Table 6) in Appendix
C.
Sources (corresponding to AMF cluster cen-
ters) with 4 <S/N < 4.5 were checked against
the redMaPPer and WHL catalogs to determine
whether or not they were likely to be galaxy
clusters. Within this S/N range, we found 143
possible cluster candidates not detected in the
PSZ2 catalog, the spatial position of which are
shown in Fig. 11. These clusters are shown in
Table 7 in Appendix C. 122 of these clusters
were detected by WHL and 103 were detected
by redMaPPer while 102 of these clusters oc-
curred in all 3 optical catalogs.
8.2. Using a Multi-frequency Matched Filter to
detect SZ clusters
In this section we use the multifrequency
matched filtering (MMF) technique (Melin et al.
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Figure 8. Map of signal sources corresponding
to AMF DR9 cluster locations (with S/N > 4.5),
overlaid on the noise map. The sources are colored
according to their signal to noise. The color-bar
at the bottom of the figure has units in mK. The
masked sources are shown in blue.
Figure 9. Map of signal sources corresponding to
AMF DR9 cluster locations (with S/N > 4.5), over-
laid on the foreground map. The sources are col-
ored according to their signal to noise. The color-
bar at the bottom of the figure has units in mK.
The masked sources are shown in blue.
2005, 2006, Haehnelt and Tegmark 1996, Erler
et al. 2019) to estimate the signal-to-noise for
SZ galaxy cluster candidates that are not in-
cluded in the Planck PSZ2 catalog (Ade et al.
2016) but are detected in one or more of the
optical catalogs discussed above. The MMF
code is only run on cluster candidates with a
Figure 10. Scatter between the AMF DR9 Λ200
and the Planck S/N for the AMF DR9 clusters with
a corresponding Planck S/N> 4.5
Figure 11. Spatial distribution of the possible
PSZ2 cluster candidates in the S/N range 4 to
4.5. The cluster candidates are colored according
to their S/N.
signal-to-noise > 4.5. The analysis is based on
the publicly available data from Planck mission.
Namely, Planck HFI maps and the point source
catalogues for each frequency channel have been
used. We model the HFI maps as a linear com-
bination of the cluster SZ signal plus astrophys-
ical and instrumental noise:
M(x) = y0jνTθc(x) +N(x) (2)
where y0 is the central Comptonization param-
eter for a cluster with a core radius of θc, M(x)
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is a column vector whose ith component is the
HFI map at frequency νi, jν is a vector contain-
ing the SZ spectral function at each frequency
and N(x) is a vector whose ith component is
the noise map at νi. The noise vector by design
incorporates both astrophysical and instrumen-
tal components including but not limited to the
primordial CMB anisotropy, extragalactic fore-
grounds and so on. Tθc(x) is the projected spa-
tial profile of the cluster. We use a spherical
β−profile in this study defined as,
Tθc(x) =
(
1 + |x|2/θ2c
)−(3β−1)
2
(3)
with β = 1. Using a matched multifreqeuncy
filter, Ψθc , we are able to recover an unbiased
estimate of the central Comptonization param-
eter, yˆ0:
yˆ0 =
∫
d2x ΨTθc(x) . M(x), (4)
where the superscript ”T” denotes the trans-
pose of the matched multi-filter. Demanding a
minimum variance estimate, the filter in Fourier
space can be obtained as (Melin et al. 2006):
Ψθc(k) = σ
2
θcP
−1(k) . Fθc(k) (5)
where
Fθc(k) ≡ jνTθc(k)Bν(k) (6)
with Bν(k) being the Fourier transform of the
beam for each frequency channel and
σθc ≡
[ ∫
d2k FTθc(k) . P
−1(k) . Fθc(k)
]−1/2
.
(7)
Here P(k) is the cross-channel noise power
spectrum matrix defined as Pij(k)δ(k − k ′) =
〈Nνi(k)N∗νj(k)〉, where ∗ denotes the complex
conjugate. In Table 4 we summarize the
effective frequency and the full-width-at-half-
maximum of the Gaussian beam for each chan-
nel. The signal-to-noise of a detection is defined
as yˆ0/σθc .
Table 4. FWHM and the effective frequency for
Planck HFI channels.
Channel FWHM (arcmin) νeff (GHz)
100 9.659 103.416
143 7.220 144.903
217 4.900 222.598
353 4.916 355.218
545 4.675 528.400
857 4.216 776.582
We have applied the filter to 14◦×14◦ patches
of the CMB sky where the potential cluster can-
didate is located at the central position. For vi-
able candidates we have re-applied the filter to
a smaller patch to obtain the best S/N value.
When preparing the HFI maps for the analysis
we have masked the point sources with S/N >
10 from Planck’s PCNT catalog in each chan-
nel with disks of radius 3σbeam and replaced the
disk-area containing the point source with the
local average of the patch. We have used the fil-
ter with various θc values in the range of [0.8, 32]
in arc-minutes in order to find the maximum
S/N of each detection.
Our results are summarized in Table 6 of Ap-
pendix C. The table also provides information
on whether or not there are any point sources
from Planck’s PCCS catalog in the vicinity of
the cluster candidate, where we have defined
the vicinity to be a disk of radius 5σbeam with
σbeam = FWHM/
√
8 log(2) and the cluster can-
didate positioned at the center of the disk.
Using the MMF filter we were able to detect
20 new cluster candidates with S/N > 4.5 that
are not included in PSZ2 cluster catalog. 8 of
these candidates have close point source coun-
terparts in the Planck point sources catalog. In
particular, among the 20 clusters, 12 have S/N
> 6 with 5 being in the close vicinity of at least
one point source. Considering the large S/N
of these 12 candidates, they can potentially be
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used in cosmological parameter estimation with
SZ cluster number counts. The redshift mea-
surements for the twelve high S/N candidates
are in the range [0.078, 0.41]. The richness
parameter for these candidates lies within the
[30, 71] range. In addition, 3 of the candidates
with S/N > 6 occur in all three optical cata-
logs (AMF, WHL and redMaPPer), flagged A
in Table 6. 3 occur in AMF and any one other
optical catalog, flagged B and the remaining 6
clusters occur only in the AMF DR9 catalog, in-
dicated with flag C in table 6. We highlight the
20 candidates with S/N > 4.5 with an ∗ next to
their corresponding AMF Cluster column entry
in Table 6 of Appendix C. Finally, we report ap-
plying the MMF filter to candidates exclusive to
the WHL or redMaPPer catalogs alone with no
significant results.
Thus, as part of our efforts to extend the PSZ2
catalog, we identify potential clusters both be-
low and above the signal-to-noise threshold used
to identify clusters in the Planck catalog. We
find 86 such clusters (of which 73 are unmasked
by a nearby point source) with Planck S/N>4.5,
where the signal source corresponds to AMF
DR9 cluster centers. 50 of these 73 clusters also
possess matches in the redMaPPer and WHL
catalogs. These cluster positions are not corre-
lated with high galactic emission, or the instru-
mental noise, which could have been two pos-
sible reasons for their exclusion from the orig-
inal PSZ2 catalog. Investigating sources below
the S/N threshold of the Planck catalog(< 4.5),
we find 143 possible cluster candidates not de-
tected in the PSZ2 catalog, and 102 objects
which occurred in all 3 considered optical cat-
alogs (AMF DR9, redMaPPer and WHL). So
overall, we provide a list of 229 optical clusters
not included in the PSZ2 catalog but showing
a prominent y signal. We have further investi-
gated the 86 clusters (with Planck S/N> 4.5)
and we have used the MMF technique (applied
to the Planck HFI maps) to estimate the signal-
to-noise for these SZ galaxy cluster candidates.
We were able to detect 20 new cluster candi-
dates with S/N > 4.5 that were not included in
the PSZ2 catalog. Among the 20, 12 have S/N
> 6 with 5 being in the close vicinity of at least
one point source. The details of these clusters
are provided as Table 6 in Appendix C.
9. CONCLUSION
As part of this paper, we have performed
an extensive analysis of optical counterparts of
Planck clusters, considering matches with re-
cent catalogs built from Sloan Digital Sky Sur-
vey (SDSS) data. These newer catalogs pro-
vide a larger set of optical matches, including
matches for some PSZ2 clusters which previ-
ously did not posses any counterpart. AMF
DR9 main (extended) finds 485 (511) optical
matches, with 45 (55) previously unmatched
PSZ2 clusters, to be compared with the 374
optical (redMaPPer v5.10) matches already
present in PSZ2.
For clusters that are detected in both redMaP-
Per (v6.3) and AMF DR9, we find good agree-
ment between both redMaPPer and AMF DR9
determinations with the PSZ2 clusters whose
redshift is validated by an X-ray cluster. For
the Planck clusters with a redMaPPer (v5.10)
sourced redshift, we do not find a statistically
significant difference between the quoted Planck
redshift and the redshift of the AMF DR9
counterpart. In general, clusters AMF redshift
determinations correlate well with redMaPPer
ones, although they tend to provide a slightly
lower redshift determination for clusters at z ≥
0.35. For PSZ2 clusters without a redMaPPer
counterpart, we find that the AMF DR9 red-
shifts match very closely the X–ray determined
ones, while the AMF tends to infer lower red-
shifts for the other clusters with redshifts typ-
ically determined by other optical sources such
as Abell or WHL.
We assign 44 new (uniquely matched) optical
counterparts for PSZ2 clusters without a previ-
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ously determined external counterpart. Subse-
quently, we assign new redshift estimates (based
on the redshift of the matching AMF cluster)
to these cluster and calculate their MSZ val-
ues as well. We use the calculated MSZ values
to determine the validity of the AMF matches,
as well as determining the best counterpart if
one PSZ2 cluster has multiple possible AMF
DR9 matches. Among the 11 multiply-matched
PSZ2 clusters (with no previous external vali-
dation), we identify 6 cases which might be in-
stances of blended clusters, with the PSZ2 cat-
alog having characterized 2 clusters (which cor-
respond to the possible optical counterparts) as
one object.
Of the 55 matched clusters without an ex-
ternal validation, there are 26 clusters with a
follow-up redshift estimate, and out of these
AMF DR9 has a redshift match with 18 clus-
ters. Of the 29 PSZ2 clusters without a follow-
up redshift estimate that have a match with
AMF DR9, 18 have another optical counterpart
(either redMaPPer or WHL) which has a red-
shift identical to the matched AMF cluster. The
AMF DR9 matches 11 new PSZ2 clusters with
no other optical counterparts or follow-up red-
shift estimates.
Upon investigation of the PSZ2 clusters which
are part of the Planck Cosmology sample, we
match 204 of 278 such clusters in the SDSS DR9
coverage area. We find an unambiguous AMF
DR9 match for 190 of these clusters. There
could be potential alignment issues for 14 clus-
ters with an ambiguous AMF DR9 counterpart,
due to either Planck choosing the redshift of a
nearer cluster despite there being a richer clus-
ter at a higher redshift, or by considering the
signal from two clusters along the line-of-sight
as the signal for one cluster.
As part of our efforts to extend the PSZ2 cat-
alog, we investigate the y-distortion signal de-
tected by Planck in the direction of AMF op-
tical clusters and find 86 (73 unmasked) and
143 cluster candidates respectively that could
be included as part of the Planck catalog, both
above and below the S/N threshold used in the
PSZ2 paper. We have further investigated the
86 clusters (with Planck S/N> 4.5) and have
used the MMF technique (applied to the Planck
HFI maps) to estimate signal-to-noise values for
these SZ-selected galaxy cluster candidates. We
were able to detect 20 new cluster candidates
with S/N > 4.5 that are not included in the
PSZ2 catalog. In particular, among the twenty,
twelve have S/N > 6 with five being in a close
vicinity of at least one point source. Consider-
ing the large S/N of these twelve candidates,
they can potentially be used in cosmological
parameter estimation with SZ cluster number
counts.
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A. APPENDIX A: PSZ2 CLUSTERS WITH EXTERNAL VALIDATION
A.1. Analysis of Multiple AMF Counterparts for PSZ2 clusters (with external validation)
In the following analyses, the AMF counterparts are ranked by richness, that is, if there are two
possible AMF counterparts for a given Planck cluster, then the richer optical cluster is Ranked 1,
and the AMF cluster of lower richness is Ranked 2. To look at the relative positions of the matching
cluster centers in the SZ map, we utilize the MILCA full mission y maps (Compton parameter maps)
as well as the standard deviation maps provided by the Planck collaboration. We obtained a signal-
to-noise map from the y-map and the standard deviation map, and smoothed the result by 1◦. or
the SZ maps, the plots span 50 arc-minutes width and height.
1. PSZ2 G028.63+50.15 (Cluster 99): Two AMF counterparts (of richness Λ200) 59 and 37
and ∆z 0.29 and 0.0002 (from the PSZ2 redshift z=0.0916). The angular separations ∆θ of the 2
clusters are 1.19 and 2.55 respectively. The AMF clusters lie on either side of the scaling relation
(Fig. 12), while from Fig.13 we see that the richer AMF cluster most likely contributes to the SZ
signal. According to Hogan et al. (Hogan et al. 2015) a brighter source nearby could have swamped
catalog detections. The PSZ2 redshift is sourced from an Abell cluster (A2108).
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Figure 12. Cluster positions with respect to the scaling line for PSZ2 99
Figure 13. SZ map for PSZ2 99 and its AMF counterparts
2. PSZ2 G034.38+51.57 (Cluster 122): Two AMF counterparts (of richness Λ200) 29 and 21
and ∆z 0.1647 and 0.4303 (from the PSZ2 redshift z=0.0411). The angular separations ∆θ of the 2
clusters are 0.29 and 1.55 respectively.. Both optical richnesses lie below the scaling relation (Fig.
14), implying that the SZ signal could potentially have characterized two lower richness clusters as
one cluster, while the SZ map (Fig. 15) shows that the bulk of the SZ signal contribution comes
from the region of the higher richness AMF cluster. According to Fujita et al (Fujita et al. 2006)
this cluster is undergoing a merger. The PSZ2 redshift is sourced from an Abell cluster (A2107).
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Figure 14. Cluster positions with respect to the scaling line for PSZ2 122
Figure 15. SZ map for PSZ2 122 and its AMF counterparts
3. PSZ2 G040.03+74.95 (Cluster 145): Two AMF counterparts (of richness Λ200) 79 and 57
and ∆z 0.42 and 0.017 (from the PSZ2 redshift z=0.0612). The angular separations ∆θ of the 2
clusters are 3.15 and 1.29 respectively. From Fig. 14, both optical richnesses lie above the scaling
relation (which would imply that PSZ2 has not overestimated the MSZ value and characterized two
clusters as one). The SZ map image shows that the SZ signal source is most likely at the location
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of the 2nd ranked AMF cluster (Fig. 15). The PSZ2 redshift is sourced from a Reflex cluster (RXC
J1359.2+2758).
Figure 16. Cluster positions with respect to the scaling line for PSZ2 145
Figure 17. SZ map for PSZ2 145 and its AMF counterparts
4. PSZ2 G057.78+52.32 (Cluster 237): Two AMF counterparts (of richness Λ200) 68 and 53
and ∆z 0.1422 and 0.0023 (from the PSZ2 redshift z=0.0654). The angular separations ∆θ of the 2
clusters are 3.99 and 0.54 respectively. From Fig. 18, both optical richnesses lie above the scaling
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relation (which would imply that PSZ2 has not overestimated the MSZ value and characterized two
clusters as one). However, from the SZ map (Fig 19) we see that though the lower richness optical
cluster center coincides with the SZ2 cluster center, the SZ signal could have had contributions from
sources at the locations of both AMF clusters. The PSZ2 redshift is sourced from an Abell cluster
(A2124).
Figure 18. Cluster positions with respect to the scaling line for PSZ2 237
Figure 19. SZ map for PSZ2 237 and its AMF counterparts
5. PSZ2 G070.89+49.26 (Cluster 299): Three AMF counterparts (of richness Λ200) 63, 49
and 32 and ∆z 0.0962, 0.1063, 0.1245 from the PSZ2 redshift). The angular separations ∆θ of the 3
clusters are 0.068, 1.29 and 3.1 respectively. All 3 optical clusters lie below the scaling relation (Fig
20) while the SZ map shows possible contributions from the region of the 1st and 2nd ranked clusters,
with the 1st ranked cluster corresponding to the peak of the SZ signal (Fig. 21). The PSZ2 cluster
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in question does not have a redshift source listed in the PSZ2 paper (Ade et al. 2016). In general, the
high redshift of this Planck cluster (z=0.61) makes it unreliable for optical redshift characterization.
Figure 20. Cluster positions with respect to the scaling line for PSZ2 299
Figure 21. SZ map for PSZ2 299 and its AMF counterparts
6. PSZ2 G074.75-24.59 (Cluster 318): Two AMF counterparts (of richness Λ200) 133 and 29
and ∆z 0.0944 and 0.0162 (from the PSZ2 redshift z=0.25). The angular separations ∆θ of the 2
clusters are 1.61 and 3.38 respectively. The AMF clusters lie on either side of the scaling relation
(Fig. 22), while from Fig.23 we see that the most likely contribution to the SZ signal arises from the
region of the richer AMF cluster center, which implies that the AMF redshift characterization might
need to be corrected. WHL cluster identifies a cluster with the same z (∼ 0.34) in the same region of
the sky. The PSZ2 cluster redshift is sourced from an Abell cluster with a redshift follow-up (ZwCl
2143.5+2014).
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Figure 22. Cluster positions with respect to the scaling line for PSZ2 318
Figure 23. SZ map for PSZ2 318 and its AMF counterparts
7. PSZ2 G126.07-49.55 (Cluster 621): Two AMF counterparts (of richness Λ200) 85 and 68
and ∆z 0.020 and 0.048 (from the PSZ2 redshift z=0.49). The angular separations ∆θ of the 2
clusters are 0.81 and 0.71 respectively. The lower richness cluster lies on the regression line for the
scaling relation while the 1st ranked match lies above it (Fig. 24). The SZ map shows optical clusters
lying on either side of the PSZ2 cluster center, thus implying that clusters at the locations of the
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optical clusters could have potentially contributed to the SZ signal (Fig. 25). The CAMIRA catalog
(Oguri 2014) identifies a cluster in the region at z ∼ 0.5.
Figure 24. Cluster positions with respect to the scaling line for PSZ2 621
Figure 25. SZ map for PSZ2 621 and its AMF counterparts
8. PSZ2 G135.06+54.39 (Cluster 661): Two AMF counterparts (of richness Λ200) 22 and 20
and ∆z 0.1494 and -0.0002 (from the PSZ2 redshift z=0.3169). The angular separations ∆θ of the
2 clusters are 4.25 and 1.82 respectively. From Fig. 26, both optical richnesses lie below the scaling
relation, implying that the SZ signal could potentially have characterized two lower richness clusters
as one cluster. The SZ map (Fig 27) shows that the optical cluster centers lie on either side of the
PSZ2 center.
30 Banerjee et al.
Figure 26. Cluster positions with respect to the scaling line for PSZ2 661
Figure 27. SZ map for PSZ2 661 and its AMF counterparts
9. PSZ2 G145.65+59.30 (Cluster 709): Two AMF counterparts (of richness Λ200) 36 and 27
and ∆z 0.007 and -0.0023 (from the PSZ2 redshift z=0.3475). The angular separations ∆θ of the
2 clusters are 3.69 and 2.1 respectively. From Fig. 28, both optical richnesses lie below the scaling
relation, implying that the SZ signal could potentially have characterized two lower richness clusters
as one cluster. The SZ map (Fig 29) shows that the optical cluster centers lie on either side of the
PSZ2 center. In the same region of the sky, CAMIRA (Oguri 2014) and LRG (Lopes 2007) both
identify a cluster with z∼0.34.
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Figure 28. Cluster positions with respect to the scaling line for PSZ2 709
Figure 29. SZ map for PSZ2 709 and its AMF counterparts
10. PSZ2 G146.82+40.97 (Cluster 716): Two AMF counterparts (of richness Λ200) 33 and
25 and ∆z 0.0729 and 0.0363 (from the PSZ2 redshift z=0.26). The angular separations ∆θ of the 2
clusters are 1.98 and 1.38 respectively. Both optical richnesses lie below the scaling relation, implying
that the SZ signal could potentially have characterized two lower richness clusters as one cluster, while
the SZ map shows optical clusters lying on either side of the PSZ2 cluster center. (Figs. 30 and 31).
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The LRG catalog (Lopes 2007) locates a cluster in the same region of the sky at z ∼ 0.34, the same
redshift as the richer AMF cluster.
Figure 30. Cluster positions with respect to the scaling line for PSZ2 716
Figure 31. SZ map for PSZ2 716 and its AMF counterparts
11. PSZ2 G165.68+44.01 (Cluster 791): Two AMF counterparts (of richness Λ200) 104 and
32 and ∆z -0.0012 and -0.0015 (from the PSZ2 redshift z=0.2097). The angular separations ∆θ of
the 2 clusters are 2.45 and 2.33 respectively. The lower ranked cluster lies on the regression line for
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the scaling relation, while the richer AMF cluster lies above it (Fig. 32). From the SZ map, the
2 optical clusters lie on either side of the PSZ2 cluster center (Fig. 33). Both the redMaPPer and
WHL catalogs have rich optical clusters lying at about the same redshift as the PSZ2 cluster.
Figure 32. Cluster positions with respect to the scaling line for PSZ2 791
Figure 33. SZ map for PSZ2 791 and its AMF counterparts
12. PSZ2 G178.00+42.32 (Cluster 832): Two AMF counterparts (of richness Λ200) 48.9 and
48.7 and ∆z 0.1499 and 0.1281 (from the PSZ2 redshift z=0.2368). The angular separations ∆θ of
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the 2 clusters are 2.84 and 2.64 respectively. Both AMF clusters lie below the regression line in the
scaling relation (Fig. 34). The PSZ2 cluster has a match in WHL with ∆z > 0.1 and no redMaPPer
counterpart. From Fig. 35, which shows the SZ map for these clusters, it is not obvious which optical
cluster would be a better counterpart to the PSZ2 cluster. The Northern Optical Survey (Gal et al.
2009) finds a cluster in the same region of the sky with a z=0.226.
Figure 34. Cluster positions with respect to the scaling line for PSZ2 832
Figure 35. SZ map for PSZ2 832 and its AMF counterparts
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13. PSZ2 G183.90+42.99 (Cluster 850): Three AMF counterparts (of richness Λ200) 70, 32
and 22 and ∆z 0.0445, 0.0048, 0.1072 from the PSZ2 redshift of z=0.561). The angular separations
∆θ of the 3 clusters are 0.32, 1.31 and 3.2 respectively. All 3 optical clusters lie below the scaling
relation (Fig. 36), while, from the SZ map, it is evident that the Rank 1 and Rank 2 matches might
correspond to clusters that contribute to the SZ signal (Fig. 37). The CAMIRA survey (Oguri 2014)
finds a cluster in this region of the sky at z ∼0.56. The PSZ2 cluster redshift is validated by an optical
cluster from the WHL catalog and optical finders are typically unreliable at such high z values.
Figure 36. Cluster positions with respect to the scaling line for PSZ2 850
Figure 37. SZ map for PSZ2 850 and its AMF counterparts
14. PSZ2 G187.74+20.66 (Cluster 868): Two AMF counterparts (of richness Λ200) 108 and
79 and ∆z 0.0066 and 0.0046 (from the PSZ2 redshift z=0.1929). The angular separations ∆θ of
the 2 clusters are 1.05 and 1.49 respectively. Both AMF clusters lie above the scaling relation (Fig.
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38), while, from the SZ map (Fig 39), the optical clusters lie on opposite sides of the PSZ2 cluster
center, but very close to each other. From Fig. 40, we see the SZ map for this Planck cluster and its
multiple WHL matches (using our matching technique). The redshift of this PSZ2 cluster is drawn
from the rich WHL cluster (RL∗ ∼104) whose center coincides with the center of the Planck cluster
in Fig. 40.
Figure 38. Cluster positions with respect to the scaling line for PSZ2 868
Figure 39. SZ map for PSZ2 868 and its AMF counterparts
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Figure 40. SZ map for PSZ2 868 and its WHL counterparts
15. PSZ2 G204.10+16.51 (Cluster 922): Two AMF counterparts (of richness Λ200) 95 and 90
and ∆z 0.0193 and 0.0294 (from the PSZ2 redshift z=0.122). The angular separations ∆θ of the 2
clusters are 0.33 and 1.13 respectively. Both AMF clusters lie above the scaling relation (Fig. 41).
From the SZ map (Fig. 42) we see that both AMF counterparts could possibly be clusters that
contribute to the SZ signal, however, the Rank 1 match cluster center coincides better with the PSZ2
cluster center. In the region of the sky, the CAMIRA survey (Oguri 2014) finds a cluster with z ∼
0.12. The PSZ2 cluster redshift is sourced from an Abell cluster with a redshift follow-up ( ZwCl
0733.1+1514).
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Figure 41. Cluster positions with respect to the scaling line for PSZ2 922
Figure 42. SZ map for PSZ2 922 and its AMF counterparts
16. PSZ2 G210.01+50.85 (Cluster 945): Two AMF counterparts (of richness Λ200) 69 and
23 and ∆z 0.074 and 0.036 (from the PSZ2 redshift z=0.319). The angular separations ∆θ of the 2
clusters are 1.36 and 1.55 respectively. The Rank 1 match lies on the scaling relation, while the Rank
2 match lies below the regression line (Fig. 43). From the SZ map (Fig. 44), it does seem more likely
that the bulk of the contribution to the SZ signal comes from the location of the richer AMF cluster
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center. The PSZ2 cluster corresponds to an Abell cluster (A2634) which has had redshift follow-ups
in the past (Haslam et al. 1978) with a z∼0.03.
Figure 43. Cluster positions with respect to the scaling line for PSZ2 945
Figure 44. SZ map for PSZ2 945 and its AMF counterparts
17. PSZ2 G212.80+50.63 (Cluster 959): Two AMF counterparts (of richness Λ200) 59 and
30 and ∆z 0.123 and -0.007 (from the PSZ2 redshift z=0.2187). The angular separations ∆θ of the
2 clusters are 2.81 and 1.86 respectively. Both optical richnesses lie below the scaling relation (Fig.
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45), implying that the SZ signal could potentially have characterized two lower richness clusters as
one cluster, while the SZ map shows optical clusters lying on either side of the PSZ2 cluster center
(Fig. 46). redMaPPer, similar to AMF DR9, has 2 possible optical counterparts, one of which is of
lower richness and lies at a redshift value (z=0.21) close to that of the PSZ2 cluster.
Figure 45. Cluster positions with respect to the scaling line for PSZ2 959
Figure 46. SZ map for PSZ2 959 and its AMF counterparts
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18. PSZ2 G220.11+22.91 (Cluster 989): Two AMF counterparts (of richness Λ200) 129 and
48 and ∆z 0.2499 and 0.0005 (from the PSZ2 redshift z=0.2248). The angular separations ∆θ of the
2 clusters are 0.34 and 0.36 respectively. The optical matches lie on either side of the scaling relation
(Fig. 47). The SZ signal (Fig. 48) could be from sources near either of the two optical matches.
Redmapper has a near identical set of matching clusters (of richness Λ 179 and 62) and ∆z 0.2503 and
0.0101 (from the PSZ2 redshift z=0.2248) and at angular separations ∆θ 0.38 and 0.41 respectively.
In the same region of the sky, CoMaLit (Sereno 2015) finds a cluster (ZwCl 0823.2+0425N) at
z=0.47, which is the same redshift as the richer optical match for both AMF and redMaPPer.
Figure 47. Cluster positions with respect to the scaling line for PSZ2 989
Figure 48. SZ map for PSZ2 989 and its AMF counterparts
19. PSZ2 G244.77+59.80 (Cluster 1111): Two AMF counterparts (of richness Λ200) 23.4 and
22.9 and ∆z -0.0066 and -0.0016 (from the PSZ2 redshift z=0.4659). The angular separations ∆θ of
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the 2 clusters are 3.78 and 1.15 respectively. Both optical richnesses lie below the scaling relation
(Fig. 49), implying that the SZ signal could potentially have characterized two lower richness clusters
as one cluster, while the SZ map shows optical clusters lying on either side of the PSZ2 cluster center.
RedMaPPer also matches two optical counterparts of richness Λ 74 and 38 lying at redshifts of 0.47
and 0.45 respectively. Fig. 50 shows the SZ map for the AMF matches for this Planck cluster.
Figure 49. Cluster positions with respect to the scaling line for PSZ2 1111
Figure 50. SZ map for PSZ2 1111 and its AMF counterparts
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20. PSZ2 G279.02+81.24 (Cluster 1299): Two AMF counterparts (of richness Λ200) 59 and
25 and ∆z 0.0493 and 0.0905 (from the PSZ2 redshift z=0.18). The angular separations ∆θ of the
2 clusters are 3.84 and 2.61 respectively. The AMF clusters lie on either side of the scaling relation,
with the richer cluster lying almost on the line (Fig. 51) while from the SZ map (Fig. 52) we see
that the SZ source could be from either of the two locations (of the AMF cluster centers). Both the
redMaPPer and the WHL have a mid-range richness cluster (redMaPPer Λ=49 and WHL RL∗)=51
respectively) around z∼ 0.22 at about a separation of ∆θ ∼ 4. This might imply that the Planck
cluster redshift might be better characterized. In the PSZ2 catalog itself, this cluster is described as
being ’X–ray under-luminous’.
Figure 51. Cluster positions with respect to the scaling line for PSZ2 1299
Figure 52. SZ map for PSZ2 1299 and its AMF counterparts
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A.2. PSZ2 clusters (with external validation) matched by AMF DR9, with a redMaPPer counterpart
In the following analyses, the AMF counterparts are ranked by richness, that is, if there are two
possible AMF counterparts for a given Planck cluster, then the richer optical cluster is Ranked 1,
and the AMF cluster of lower richness is Ranked 2. To look at the relative positions of the matching
cluster centers in the SZ map, we utilize the MILCA full mission y maps (Compton parameter
maps) as well as the standard deviation maps provided by the Planck collaboration. We obtained a
signal-to-noise map from the y-map and the standard deviation map, and smoothed the result by 1◦.
1. PSZ2 G091.40-51.01 (Cluster 411): One AMF counterpart with a ∆z=0.2188 (from the
PSZ2 redshift z=0.099) with a richness Λ200=138 and with a ∆θ=0.17. The redMaPPer counterpart
has a ∆z=0.2015 with a richness Λ=144 and with a ∆θ=1.03. There is a WHL counterpart which
has a ∆z=0.196 with a richness RL∗=128 and with a ∆θ=1.02. From Fig. 53 we see that the AMF
cluster lies closer to the PSZ2 cluster center, however, the SZ signal contribution could have come
sources at either location. Calculating the Λ200 with the AMF value of redshift, the scatter ∆Λ200
decreases from 3.2 to 2.5. The optical clusters identified are also extremely high in richness, and
would be likely to be characterized properly.
Figure 53. SZ map for PSZ2 411 and its AMF and redMaPPer counterparts
2. PSZ2 G128.18-51.08 (Cluster 637): One AMF counterpart with a ∆z=-0.38 (from the
PSZ2 redshift z=0.55) with a richness Λ200=23 and with a ∆θ=3.55. The redMaPPer counterpart
has a richness Λ=79 and with a ∆θ=0.24. There is a WHL counterpart which has a ∆z=-0.0055
with a richness RL∗=36 and with a ∆θ=0.24. The AMF cluster lies below the scaling relation (Fig.
54), while the SZ signal does seem to arise from the region of the AMF cluster center, though the
two cluster centers do not coincide(Fig. 55). The AMF finder is unreliable at such high values
of redshift and the optical richness Λ200 as well as the AMF redshift of the cluster has likely been
underestimated.
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Figure 54. Cluster positions with respect to the scaling line for PSZ2 637
Figure 55. SZ map for PSZ2 637 and its AMF counterparts
3. PSZ2 G254.96+55.88 (Cluster 1174): One AMF counterpart with a ∆z=0.1871 (from the
PSZ2 redshift z=0.078) with a richness Λ200=68 and with a ∆θ=0.69. The redMaPPer counterpart
has a ∆z=0.1942 with a richness Λ=78 and with a ∆θ=0.45. There is a WHL counterpart which has
a ∆z=0.1865 with a richness RL∗=61 and with a ∆θ=0.45. From Fig. 56 we see that the redMaPPer
cluster lies closer to the PSZ2 cluster center, however, the SZ signal contribution could have come
sources at either location. Calculating the Λ200 with the AMF value of redshift, the scatter ∆Λ200
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decreases from 1.2 to 0.2. Since all three optical counterparts have very similar properties, it is
possible that the PSZ2 cluster can be better characterized.
Figure 56. SZ map for PSZ2 1174 and its AMF and redMaPPer counterparts
4. PSZ2 G323.39+81.61 (Cluster 1522): One AMF counterpart with a ∆z=0.344 (from the
PSZ2 redshift z=0.064) with a richness Λ200=36 and with a ∆θ=0.94. The redMaPPer counterpart
has a ∆z=0.341 with a richness Λ=43 and with a ∆θ=0.91. There is a WHL counterpart which
has a ∆z=0.3474 with a richness RL∗=28 and with a ∆θ=0.91. From Fig. 57 we see that the SZ
signal contribution could have come sources at either the location of the AMF or the redMaPPer
counterpart. Calculating the Λ200 with the AMF value of redshift, the scatter ∆Λ200 increases from
0.4 to 2.5. It is possible that the optical and SZ clusters correspond to very different sources, or that
the PSZ2 cluster could be blended.
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Figure 57. SZ map for PSZ2 1522 and its AMF and redMaPPer counterparts
A.3. PSZ2 clusters (with external validation) matched by the AMF DR9, without a redMaPPer
counterpart
1. PSZ2 G029.06+44.55 (Cluster 102) One AMF counterpart with a ∆z=0.2446 (from the
PSZ2 redshift z=0.0353) with a richness Λ200=24 and with a ∆θ=1.32. There is a WHL counterpart
which has a ∆z=0.3547 with a richness RL∗=16 and with a ∆θ=3.01. From the SZ map (Fig. 58),
the signal is more likely to have come from the location of the AMF cluster center. Both the AMF
and WHL clusters have very low values of optical richness, however, the PSZ2 cluster has a high S/N
(15.8) so it could be an instance of a blended cluster. The PSZ2 cluster also has its redshift sourced
from an Abell cluster (A2147) with a well-established redshift (Andernach et al. 1995).
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Figure 58. SZ map for PSZ2 102 and its AMF and WHL counterparts
2. PSZ2 G057.80+88.00 (Cluster 238) One AMF counterpart with a ∆z=0.1352 (from the
PSZ2 redshift z=0.0231) with a richness Λ200=42 and with a ∆θ=4.25. There is a WHL counterpart
which has a ∆z=0.5051 with a richness RL∗=23 and with a ∆θ=6.37. From the SZ map (Fig. 59),
the AMF DR9 cluster center lies closer to the PSZ2 cluster signal source than the WHL cluster
center, but given the 5 arc-minute width of the Planck beam, the signal could have come from the
location of either optical center. The Planck Cluster has an extremely high Signal-to-Noise of 35 so
it could be a blended cluster. Occurs with a z∼0.027 and Ngals=819 in the DR8 catalog compiled
by Tempel et al. (2012).
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Figure 59. SZ map for PSZ2 238 and its AMF and WHL counterparts
3. PSZ2 G086.93+53.18 (Cluster 390) One AMF counterpart with a ∆z=-0.2322 (from the
PSZ2 redshift z=0.6752) with a richness Λ200=28 and with a ∆θ=3.92. The PSZ2 cluster sources its
redshift from a WHL cluster (WHL J228.466+52.83) with a richness RL∗=12 and with a ∆θ=0.98.
From the SZ map (Fig. 60), the WHL cluster center lies closer to the Planck cluster than the AMF
center, however the PSZ2 cluster center also does not seem to be at the location of a likely SZ source.
The redshift of the PSZ2 cluster (0.67) is at a range beyond which the AMF cluster finder does not
possess reliable characterization. The WHL counterpart is also of extremely low optical richness.
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Figure 60. SZ map for PSZ2 390 and its AMF and WHL counterparts
4. PSZ2 G093.42-43.21 (Cluster 425) One AMF counterpart with a ∆z=0.1082 (from the
PSZ2 redshift z=0.0428) with a richness Λ200=25 and with a ∆θ=2.08. There is a WHL counterpart
which has a ∆z=0.0082 with a richness RL∗=73 and with a ∆θ=0.51. From the SZ map (Fig. 61),
the WHL cluster center lies closer to the PSZ2 cluster signal source than the AMF cluster center,
but given the 5 arc-minute width of the Planck beam, the signal could have come from the location
of either optical center. The Planck redshift is sourced from an Abell cluster (A2593), and the PSZ2
cluster also possesses an external MCXC X–ray validation (J2324.3+1439), as well as a Chandra
follow-up (Andrade-Santos et al. 2017).
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Figure 61. SZ map for PSZ2 425 and its AMF and WHL counterparts
5. PSZ2 G099.86+58.45 (Cluster 478) One AMF counterpart with a ∆z=-0.1016 (from the
PSZ2 redshift z=0.6305) with a richness Λ200=42 and with a ∆θ=0.34. The PSZ2 redshift is sourced
from a WHL cluster (WHL J213.697+54.78) with a richness RL∗=63 and with a ∆θ=0.43. From
the SZ map (Fig. 62), the AMF cluster center lies closer to the PSZ2 cluster signal source than the
WHL cluster center, but given the 5 arc-minute width of the Planck beam, the signal could have
come from the location of either optical center. The redshift of the PSZ2 cluster (0.63) is at a range
beyond which the AMF cluster finder does not possess reliable characterization.
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Figure 62. SZ map for PSZ2 478 and its AMF and WHL counterparts
B. APPENDIX B
This section lists the full table data for PSZ2 clusters without a previous external validation, which
have an AMF DR9 counterpart (See Section 6).
For the reliability flag:
• A: The PSZ2 cluster has matches in both redMaPPer and WHL, as well as a follow-up. The
redshift difference between the AMF counterpart and the 3 individual matches are all ≤ 0.05.
Henceforth dz ≤ 0.05 is defined as a matching redshift
• B: The PSZ2 cluster has at least two matching redshifts
• C: The PSZ2 cluster has at least one matching redshift
• D: The PSZ2 cluster (matched by AMF) has at least one other counterpart, either redMaPPer,
WHL or a followup
• E: The PSZ2 cluster has no counterpart
The table displays the clusters with a counterpart in the extended AMF catalog, along with infor-
mation about whether they occur in the AMF main, WHL and redMaPPer catalogs, the redshift of
their AMF counterpart, and whether they have a redshift estimate in a follow-up study. In addition
the table also lists the redshift differences between the matched optical counterparts and whether
the PSZ2 clusters have had other follow-up studies. If there are no counterparts to calculate the
redshift difference from then the column entry is an ’x’. If a particular cluster does not occur in
AMF DR9 main then the redshift difference is calculated from the corresponding entry in the AMF
DR9 extended catalog. Column 5 lists the reliability estimate of the cluster, the rubric of which is
outlined above. Column 6 lists the calculated MSZ values for these PSZ2 clusters, according to the
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redshift of their AMF DR9 counterpart. Multiple entries in the columns indicate multiple possible
AMF counterparts for the given PSZ2 cluster. A ∗ indicates a possible blended cluster, while a +
indicates an ambiguous match, in which we could not resolve the reason for the multiple optical
counterparts. MSZ is given in units of 10
14 M.
Table 5. Optical Counterparts for PSZ2 clusters without
external validation
PSZ2 Cluster zAMF zAMF - zFollow−up zAMF - zredMaPPer zAMF - zWHL Reliability MSZ , Calc.
161 0.38 0.0 0.02 0.04 A 6.0
176 0.26 0.06 x 0.04 C 4.6
194 0.37 x x x E 5.9
243 0.37 -0.04 x x C 5.1
279 0.40 x -0.11/-0.12 -0.11/-0.12 D∗ 5.4/5.3
284 0.33 x x -0.02/-0.1 C+ 4.6/3.9
295 0.18 -0.18 x 0.10 D 3.6
303 0.41 -0.36 x x D 7.1
327 0.29 -0.01 -0.01 -0.004 A 4.1
328 0.41 x x 0.02 C 5.1
371 0.21 0.02 0.02 0.01 A 3.5
380 0.28 x x x E 4.65
381 0.25 -0.44/-0.45 -0.01/-0.01 0.01/0.01 B∗ 4.0/3.9
389 0.25 -0.001 x 0.003 B 4.5
394 0.13 -0.63 x 0.03 C 2.8
410 0.31 x x x E+ 5.8/6.4
415 0.18 x x 0.02/0.16 C+ 4.1/5.7
421 0.52 0.06 0.05 x C 5.0
423 0.43 x -0.08 -0.10 D 6.2
426 0.36 x x x E∗ 5.2/5.2
438 0.46 x x -0.05/-0.12 C+ 6.5/
462 0.23 -0.55 -0.20 0.01 C 4.0
465 0.29 -0.02 -0.01 0.28 B 3.3
468 0.25 x x x E+ 4.3/5.1
483 0.52 -0.09 x -0.12 D 4.5
510 0.31 x x -0.09 D 8.6
542 0.26 x x 0.0 C 4.9
546 0.47 -0.04 x -0.02 B 4.6
597 0.32 x x x E 5.1
654 0.47 x x 0.02 C 6.7
666 0.07 x x -0.10 D 2.6
667 0.47 0.01 -0.0 -0.02 A 6.7
668 0.47 x 0.02 0.15 C 6.0
669 0.18 x x x E 4.0
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673 0.15 -0.33 -0.33 0.0 C 3.8
681 0.15 -0.45 x -0.24 D 2.8
708 0.39 x x x E 4.8
714 0.49 0.0 x - 0.01 B 6.7
732 0.24 0.02 x 0.02 B 5.0
739 0.46 0.01 0.01 0.01 A 5.2
740 0.22 x x x E 3.8
769 0.19 x x -0.01 C 3.3
799 0.40 x x -0.26 D 5.6
831 0.14 -0.02 -0.15 -0.14 C 2.9
836 0.38 0.04 x -0.01 B 5.8
875 0.40 x x x E∗ 6.9/7.0
882 0.35 x x x E 6.9
906 0.27 x 0.02/-0.01 -0.0/-0.03 B∗ 4.2/3.9
920 0.26 -0.01/-0.02 x 0.0/-0.01 B∗ 5.0/4.9
921 0.55 x 0.18 -0.0 C 6.1
1070 0.46 x -0.01 -0.0 B 8.7
1151 0.46 x x -0.03 C 4.0
1510 0.46 0.0 x 0.0 B 9.3
1513 0.18 x x x E 3.4
1548 0.09 0.0 x -0.51 C 2.3
C. APPENDIX C
This section lists the tables for possible PSZ2 detections which were not included in the original
catalog. (See Section 8). Table 6 lists the clusters with S/N > 4.5, while Table 7 lists the clusters
with 4 < S/N < 4.5.
The Optical Detections flag is constructed as follows:
• A: Cluster occurs in all 3 optical catalogs (AMF, WHL and redMaPPer)
• B: Cluster occurs in AMF and any one other optical catalog
• C: Cluster occurs only in AMF DR9 catalog
Table 6 also lists the Signal to Noise (SNR) calculated for these clusters after applying a Multi-
frequency Matched Filter to the Planck HFI Maps (See Section 8). The table also provides informa-
tion on whether or not there are any point sources in the vicinity of the cluster candidate, where the
vicinity has been defined as a disk with of radius 5σbeam with the sitioned at the center.
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Table 6. Possible PSZ2 Detections with S/N > 4.5. Candi-
dates with MMF S/N > 4.5 are highlighted with an ∗ next
to their AMF Cluster column
AMF Cluster zAMF Λ200 Planck S/N Optical Detections SNR Point Source
69 0.38 129 4.6 A 2.7 N
127 0.24 112 5.2 A 4.2 N
146 0.39 109 4.7 A 3.0 N
352 0.51 89 4.6 A 3.5 Y
408 0.23 86 4.9 B 3.3 Y
524 0.37 80 4.5 B 2.9 Y
548 0.33 80 7.1 A 2.9 N
600 0.52 78 4.8 A 4.2 N
632 0.42 76 5.0 A 3.3 N
676 0.23 75 4.8 A 4.0 N
731 0.51 73 8.3 B 3.7 Y
739 0.11 73 4.5 A 3.5 N
768 0.27 72 4.6 A 4.2 N
820* 0.23 71 7.3 C 9.2 N
843 0.19 70 5.6 A 4.5 N
844 0.39 70 5.2 A 3.4 N
924 0.40 69 5.6 A 7.4 N
943 0.22 69 4.8 A 3.6 N
1008* 0.21 68 5.4 A 4.9 Y
1049 0.32 67 4.7 A 2.9 N
1075 0.14 67 4.9 A 2.5 N
1246* 0.11 65 4.8 A 4.6 N
1263* 0.12 64 5.3 C 9.7 N
1412 0.32 62 5.5 A 3.0 N
1424 0.36 62 5.5 A 3.7 N
1517 0.12 61 4.8 A 3.8 N
1644 0.43 60 4.7 A 3.7 N
1685 0.16 59 4.6 A 3.0 N
1713* 0.36 59 4.9 A 4.7 N
2106* 0.17 56 4.8 A 7.5 Y
2155 0.09 56 4.8 B 4.1 N
2164* 0.13 56 4.9 A 4.7 Y
2243 0.48 55 4.6 C 2.8 N
2262 0.28 55 4.8 A 3.6 N
2287 0.41 55 4.7 A 3.9 N
2306 0.1 54 5.2 B 3.0 N
2383 0.35 54 4.8 A 2.7 N
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2391 0.26 54 4.7 A 3.3 N
2512 0.29 53 4.6 A 3.3 N
2592 0.28 53 4.6 A 4.5 N
2662 0.17 52 4.7 A 2.6 N
2697 0.39 52 4.6 A 3.5 N
2788 0.40 52 4.8 A 2.6 N
2815 0.20 51 4.6 A 3.4 N
2890 0.27 51 4.8 A 3.3 N
2940* 0.41 51 5.1 A 9.0 Y
3088 0.31 50 4.7 A 4.1 N
3107* 0.17 50 5.5 A 8.8 Y
3147 0.33 50 4.7 B 3.6 Y
3337 0.28 49 5.1 A 4.2 N
3678 0.42 48 4.6 A 2.6 N
3888* 0.37 47 6.4 C 7.0 Y
3899 0.35 47 4.8 A 3.6 N
3906 0.24 47 5.4 A 4.0 N
4053* 0.43 47 4.6 A 4.5 N
4483 0.43 45 4.7 A 3.4 N
4792 0.47 45 4.7 C 3.9 N
4975 0.1 44 5.0 A 3.9 N
5233 0.21 43 4.9 B 3.5 N
5278 0.47 43 4.8 A 3.2 N
5418* 0.35 43 5.5 C 5.1 Y
5468* 0.20 43 9.3 C 13.2 N
6007 0.45 42 5.1 A 2.8 N
6237 0.34 41 4.9 A 3.3 N
6854* 0.08 40 10.8 B 11.1 N
7097 0.27 40 4.6 A 3.9 N
7742* 0.38 38 6.1 B 6.6 Y
8969 0.43 37 5.4 B 3.4 Y
9038 0.19 37 4.6 A 1.9 N
9339 0.22 36 5.9 A 3.0 Y
9391 0.41 36 4.6 B 2.8 N
9701 0.55 36 5.0 B 3.7 N
11869* 0.21 34 8.0 C 7.2 N
13788 0.36 32 4.8 B 2.3 N
14140 0.24 32 4.7 A 3.2 N
14951* 0.18 31 4.7 B 13.3 N
15913* 0.27 31 7.3 C 9.2 Y
22833 0.32 27 5.4 C 5.3 Y
24357 0.30 27 4.9 A 3.3 N
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30722 0.57 25 4.6 B 4.0 N
31242 0.31 25 4.8 C 4.0 N
32253 0.27 24 5.2 B 2.7 N
33395* 0.37 24 4.5 B 5.5 Y
35342 0.46 23 4.7 A 2.7 N
36776 0.13 23 4.5 C 2.3 N
51665 0.28 20 5.0 B 1.7 N
Table 7. Possible PSZ2 Detections with 4 < S/N < 4.5
AMF Cluster zAMF Λ200 Planck S/N Optical Detections Flag
113 0.38 116 4.1 A
164 0.21 105 4.4 A
178 0.29 104 4.0 A
211 0.36 100 4.2 A
245 0.42 97 4.2 B
315 0.49 92 4.1 B
355 0.24 89 4.5 A
400 0.25 86 4.1 C
407 0.40 86 4.1 A
428 0.32 85 4.4 A
431 0.34 85 4.4 A
492 0.28 82 4.3 A
545 0.29 80 4.1 A
549 0.38 80 4.5 A
595 0.39 78 4.2 A
637 0.45 76 4.4 A
643 0.18 76 4.1 A
645 0.38 76 4.5 B
691 0.11 75 4.4 A
703 0.41 74 4.2 A
753 0.21 73 4.1 A
832 0.25 71 4.5 A
858 0.32 70 4.4 A
860 0.14 70 4.2 A
926 0.37 69 4.2 A
973 0.28 68 4.1 A
1003 0.36 68 4.5 A
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1024 0.28 68 4.5 A
1105 0.14 67 4.1 A
1237 0.25 65 4.3 A
1380 0.15 63 4.1 A
1395 0.19 63 4.4 B
1417 0.40 62 4.3 A
1508 0.1 61 4.0 B
1521 0.43 61 4.2 A
1628 0.49 60 4.1 A
1769 0.33 59 4.2 A
1778 0.19 59 4.2 A
1862 0.21 58 4.2 A
1919 0.32 58 4.0 A
1999 0.15 57 4.5 A
2076 0.29 56 4.1 A
2080 0.10 56 4.1 A
2253 0.39 55 4.3 A
2274 0.40 55 4.3 A
2304 0.51 5.5 4.4 A
2385 0.26 54 4.2 A
2412 0.36 54 4.1 A
2457 0.49 54 4.1 A
2557 0.33 53 4.2 A
2679 0.19 51 4.1 A
2829 0.48 51 4.1 A
2937 0.20 51 4.1 A
2979 0.19 51 4.1 B
3056 0.21 50 4.1 A
3199 0.17 50 4.3 A
3243 0.28 50 4.1 A
3367 0.46 49 4.1 A
3535 0.34 48 4.2 A
3580 0.11 48 4.4 A
3655 0.30 48 4.4 A
3675 0.12 48 4.4 B
4484 0.36 45 4.3 A
4533 0.51 45 4.3 B
4558 0.32 45 4.3 A
4610 0.12 45 4.3 A
4820 0.14 44 4.0 A
5195 0.54 43 4.3 A
5222 0.36 43 4.3 B
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5248 0.37 43 4.1 A
5517 0.37 43 4.1 A
5777 0.35 42 4.3 A
6228 0.39 41 4.2 A
6426 0.26 41 4.1 A
6805 0.53 40 4.2 A
6879 0.15 40.0 4.4 A
6935 0.20 40 4.2 A
7176 0.26 39 4.1 A
7302 0.38 39 4.2 A
7491 0.46 39 4.3 A
7852 0.51 38 4.2 A
7990 0.15 38 4.1 A
8396 0.50 37 4.1 A
8523 0.35 37 4.3 A
8536 0.15 37 4.2 B
8923 0.39 37 4.0 B
9388 0.41 36 4.1 A
9520 0.29 36 4.2 A
9683 0.53 36 4.0 A
10060 0.23 35 4.1 B
10202 0.23 35 4.3 A
10433 0.14 35 4.2 A
10523 0.14 35 4.2 A
11014 0.09 34 4.1 B
11129 0.40 34 4.2 C
11354 0.15 34 4.2 A
11475 0.23 34 4.3 C
11518 0.47 34 4.1 A
12830 0.44 33 4.1 A
12928 0.21 33 4.4 A
13423 0.46 32 4.3 A
13564 0.44 32 4.3 A
13934 0.40 32 4.3 A
14169 0.08 32 4.4 B
15374 0.30 31 4.1 A
15484 0.23 31 4.0 A
16339 0.30 30 4.3 B
16349 0.21 30 4.3 A
17010 0.27 30 4.4 A
17057 0.20 30 4.3 C
17106 0.26 30 4.1 A
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17224 0.26 30 4.1 A
19208 0.53 29 4.0 C
19713 0.47 29 4.2 A
22616 0.17 27 4.5 B
23146 0.27 27 4.1 C
23620 0.30 27 4.1 B
24337 0.41 27 4.2 A
24722 0.31 27 4.5 A
26709 0.36 26 4.1 C
27335 0.12 26 4.2 A
31485 0.43 24 4.1 C
34269 0.47 24 4.1 C
34430 0.33 24 4.1 A
34568 0.29 24 4.4 C
34777 0.30 24 4.1 B
36952 0.46 23 4.2 B
37074 0.34 23 4.0 C
38203 0.38 23 4.1 A
38490 0.48 23 4.0 A
40357 0.47 22 4.1 A
40483 0.30 22 4.2 C
42589 0.20 22 4.3 C
44537 0.51 22 4.5 C
46750 0.42 21 4.1 A
47036 0.12 21 4.0 A
47291 0.45 21 4.3 B
48943 0.37 21 4.5 C
49067 0.20 21 4.2 C
49091 0.18 21 4.0 C
49121 0.51 21 4.3 C
51823 0.47 20 4.2 B
54088 0.41 20 4.4 C
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